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‘> DETERMINATION OF THE CRITICAL SOCKET DEPTHS OF 10.9

AND 8.8 GRADE M8 DIN 912 FASTENERS

Baris Tanrikulu, M. Burak Toparli*, Emrah Kilingdemir, Sezgin Yurtdas, Umut ince

Abstract

In this work, the effect of various socket depths of fasteners was investigated for the sake
of weight reduction. M8x1.25 DIN 912 Full Thread (FT) bolts with 10.9 and 8.8 grade bolts
were examined in detail. Finite element simulations were performed by using SIMUFACT
forming software. Empirical studies including fatigue and torque-tension experiments were
conducted with the bolts having various socket depths. In addition, the effect of washer as
used in most assembly conditions was investigated. One of the analytical methods used
in the literature was also employed to compare the results obtained by the numerical and
experimental methods. Based on the results obtained in this study, critical socket depths
leading to the shift of failures from the thread region to head region were obtained for the
investigated M8x1.25 DIN 912 Full Thread (FT) bolts with 10.9 and 8.8 grades. The expe-
rimental results were compared with the analytical model and found that the analytical
model was under-estimating the critical socket depths for both 10.9 and 8.8 grade bolts.

Keywords: Fasteners; socket depth; fatigue; torque-tension; weight reduction.
1. Introduction

Weight reduction efforts related to the automotive industry have significantly increased
in the recent years. The CO2 emission limitation that is planned to be implemented in 2020
in Europe, the increase in crude oil prices and the tendency of customers to choose vehic-
les with better fuel economy and the need for long-range electric vehicles can be listed as
the main driving forces of this trend [1]. From the fasteners point of view, one of the ways
to decrease the weight is to modify the geometry of fasteners without any sacrifice from
the mechanical properties and service performance such as fatigue life. Therefore, fatigue
performance of fasteners plays a vital role and has to be taken into account for all studies
including weight reduction. There are various parameters affecting the fatigue performance
of fasteners. For instance, the threading operation carried out before or after the heat

treatment has an impact on fatigue performance, i.e. threading after the heat treatment
lead to better fatigue performance [2]. Another important parameter of fasteners affecting
the fatigue life is the thread geometry. It was shown that fasteners having the thread form
of coarse ISO thread had better fatigue resistance compared to same fastener with fine
ISO thread [3]. In addition, it was studied that the thread-forming method i.e. cold rolling or
machining had an effect on fatigue performance and it was shown that fasteners having
threads formed by cold-rolling performed better in terms of fatigue testing [4]. It was also
examined that the length of the fasteners affected the fatigue performance, i.e. longer the
fastener, better the fatigue performance was achieved [5]. The preferred material used for
fasteners also plays a vital role in fatigue performance, particularly the phase distribution
across the fasteners [6]. Another crucial feature affecting the fatigue performance is the
socket depth at the head region. Considering the weight reduction, the effect of socket
depth and the critical value can be named as one of the most influential parameters. Accor-
ding to the best knowledge of the authors, there is no detailed study in the literature con-
centrating on the effect of socket depth on failure mechanism except the previous study
of the authors [7].

In this study, M8x1.25 DIN 912 Full Thread (FT) bolts with 10.9 and 8.8 grade bolts were
investigated to determine the effect of socket depth for the sake of weight reduction. In
order to determine the critical socket depth, i.e. the highest weight reduction for the inves-
tigated fastener type, finite element simulations and experimental fatigue and torque-ten-
sion tests were carried out. All the tests were repeated for 10.9 and 8.8 grade bolts, obta-
ined by employing different tempering conditions. In addition, the effect of washer on the
final behaviour was also investigated considering the assembly conditions. One of the anal-
ytical models used in the literature to estimate the socket depth introduced by Thomala [8]
was also employed to compare the results obtained from the numerical and empirical stu-
dies.

2. Sample Specifications

In this study, M8x1.25 DIN 912 Full Thread (FT) bolts with 50 mm length were cold-for-
ged at NORM Civata, Turkey. The technical drawing of the bolts can be seen in Fig. 1. The
material was chosen as 23MnB4 one of the most widely used low carbon alloy steel used
in forging. The elemental tolerances of the raw material defined by the EN 10263-4:2002 [9]
can be seen in Tab. 1. Bolts with various socket depths were obtained by cold forging. The
configuration of the bolts used in this study was presented in Tab. 2. After cold forging, the
samples were heat treated at different tempering conditions to obtain 10.9 and 8.8 grade
bolts. The mechanical properties of 10.9 and 8.8 grade bolts are defined in ISO 898-1 stan-
dard [10].
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Figure 1. DIN 912 Bolt specification.

Table 1. Chemical composition of 23MnB4 (EN10263-4:2002) [9].

C% Si% Mn% P% S% Cr% Cu% B%

0.20-0.25 0.30 0.90-1.20 0.025 0.025 0.30 0.25 0.0008

Table 2. Test sample specifications. w, k and t values were described in Fig. 1.

Test samples Fastener Standard w value (mm) k value (mm) t value (mm)
1 M8x1 %?&(5901 2FT 8.8 1.95 7.8 5.85
2 M8x1 l2)|5,zl(5901 2FT 8.8 2.05 7.8 5.75
, MBx1 25660 FT .8 995 7.8 5.55
A Mgx1 25650 FT8.8 265 7.8 5.15
5 MBx1 29660 FT10.9 165 78 5.85
6 M8x1 .2[)%581 ZFT 109 2.05 7.8 5.75
: MBx1 29660 FT10.9 995 7.8 5.55
] M8x1.25x50 FT10.9 265 7.8 5.15

DIN 912

3. Numerical, Empirical and Analytical Studies
3.1. Finite Element Modelling
Finite element simulations were conducted by using SIMUFACT forming software. The

simulations were carried out in three stages. Initial two stages were modelled as axisym-
metric and the final stages was modelled in 3D. All the dies were defined as rigid, only work

pieces were defined as elastic-plastic material. The material and friction models obtain
from the production were employed. For the 3D models, hexahedral mesh type was prefer-
red. The simulations were repeated for all the investigated socket depths at 1.95,2.05,2.25
and 2.65 mm. The effective plastic strain results obtained for all the investigated depth-mo-
dels can be seen in Fig. 2. Considering the geometric deviation under the head of the faste-
ner, i.e. the bottom cross-sectional area of the bolt was lower for the socket depth when w
was 1.95 mm, decrease in contact area was observed leading to a change in contact beha-
viour during the assembly conditions, which is not desired.

[Effective plastic strain

W:2.65 mm W:2.25 mm

W:2.05 mm W:1.95 mm

Figure 2. Effective plastic strains obtained by finite element modelling.

3.2. Experimental Procedure and Setups

The axial fatigue tests with the gauge length of 30 mm were carried out by using Zwick
Vibrophores Amsler 250 HFP 5100 high frequency fatigue tester. The fatigue tests were car-
ried out under different mean loads and amplitudes depending on the grade of the tested
bolts. The maximum applied load during the tests were determined as the 70% of the proof
loads of the bolts M8 10.9 and 8.8 grade bolts, according to the DIN 898-1 standard [10].
The applied mean loads for the 10.9 and 8.8 grade bolts were determined as 21.1 and 14.8
kN respectively. The alternating loads of 10.9 grade bolts were chosen as 4 kN, 6 kN and 8
kN. For the 8.8 grade bolts, the alternating loads were 4.5 kN, 6 kN and 7.5 kN. All the tests
were repeated three times.
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The torque-tension experiments were performed by using Atlas Copco torque-tension
tester. The tests were carried out until the tested bolts fractured. The fracture loads were
recorded for comparison. All the test configuration was repeated three times.

For the fatigue and torque-tension tests, the effect of washer, widely used in real assembly
conditions, was also investigated. The technical drawing of the washers used in fatigue and
torque-tension tests can be seen in Fig. 3. The schematic representation of the fatigue test
system and the torque-tension test bench were also given in Fig. 4(a) and (b) respectively.

Figure 3. The technical drawing of the washers used in the experimental studies.
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3.3. Analytical Model

Figure 4. (a) Schematic fatigue test setup; (b) Torque-Tension test setup

The analytical model to estimate critical socket depth introduced by Thomala [8] was
used in this study for comparison. In this model, stresses at the head and thread region are
compared under loading conditions and a critical socket depth, i.e. the distance between
the tip of the socket and the bottom of the head, y ., can be found. The mathematical exp-
ression of the Thomala's model is:

Eq.1
J16A§—n2(d§ch—d$n)2 (Ea.1)

2xm.(dschpt+dm)

Ymin =

where, A_is the cross-sectional area at thread, D_, is the diameter of the shank, D is the
middle drive diameter and x is the constant depending on the grade of the bolt.

4. Results and Discussions

Considering the structural integrity of the bolts, maximum acceptable socket depth was
evaluated based on the failure mode, i.e. fractures were expected to occur at the thread
regions indicating that structural integrity after weight reduction was acceptable. Failures
observed at the head region was considered as an indication that the structural integrity
of the bolts were not enough to support pre-defined service conditions as described in the
standards. Therefore, the critical socket depth was determined based on this criterion in
terms of service performance.

Fatigue test results of each configuration for 10.9 grade bolts can be seen in Tab. 3 and
the mean fatigue results with respect to applied dynamic load were presented in Fig. 5. All
the bolts were fractured from the thread region except the bolts tested under 8 kN alterna-
ting load with washer and having w value of 1.95 mm. Two of three bolts were fractured
from the head region and one of the bolt was failed from the threaded section for this con-
figuration. Therefore, the socket depth is very close to limiting depth to have the failures
from the desired thread region. On the other hand, bolts with the same configuration tested
without washers were failed from the thread region, without any significant fatigue life
change. The average fatigue life and standard deviations of the bolts tested with washers
(fractured from the head region) were 9,857 and 106 cycles, respectively. The fatigue life
and the standard deviation were 10,167 and 399 cycles for the bolts tested without washers
and failed from the thread region. Therefore, it was shown that the use of washer did not
improve the structural integrity of the assembly conditions in terms of fatigue life and lead
to fractures shift from the thread region to the head region. Considering the rest of the test
results of bolts with different socket depths, the fatigue results were close to each other
for the particular dynamic loads, as can be seen in Fig. 6. The average fatigue life of bolts
tested with 6 kN and 4 kN were obtained as about 36,000 and 153,000 cycles respectively.
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M8x1.25 10.9 Full Thread Fatigue Tests Under 21.1 kN Mean Load

9
« without washer (Thread)
»  with washer (Thread)
Table 3. Fatigue test results for M8x1.25 full thread 10.9 grade bolts. 8 =
z
L7
Test Mean Load  Alternating Assembly Test 1 Test 2 Test 3 Average ©
samples (kN) Load (kN) condition (Cycle) (Cycle) (Cycle) (Cycle) g
ﬁ 6 ——a
9963 9751 g
1 (w:1.95) 21.1kN 8 with washer 11667 (Head (Head - g
Failure) Failure) = 54
L
2 (w:2.05) 21.1kN 8 with washer 13096 12355 13956 13136
3 (w:2.25) 21.1kN 8 with washer 14578 13647 13542 13922 41 Spre
4 (w:2.65) 21.1kN 8 with washer 13593 11478 14395 13155 "
1 v r. ¢t 1. *—T1T v T v T % ¥
1 (w:1.95) 21.1kN 8 without washer 9653 10625 10224 10167 0 25000 50000 75000 100000 125000 150000 175000 200000
2 (w:2.05) 21.1kN 8 without washer 13529 13309 11911 12916 Cycle
3 (w:2.25) 21.1kN 8 without washer 12485 13698 11732 12638
. Figure 5. M8x1.25 10.9 Full thread fastener fatigue test results.
4 (w:2.65) 21.TkN 8 without washer 13482 12649 13471 13201
1 (w:1.95) 21.1kN 6 with washer 35987 39148 32573 35903 Fatigue test results of each configuration for 8.8 grade bolts can be seen in Tab. 4 and
2 (w:2.05) 21.TkN 6 with washer 32267 36331 34395 34331 the mean fatigue results with respect to applied dynamic load were presented in Fig. 6. All
3 (W:2.25) 21.1kN 6 with washer 33175 32496 39756 35142 the tested bolts were fractured from the thread region. The average fatigue life of bolts
4 (W:2.65) 21.1kN 6 with washer 37924 35234 34279 35812 tested with 7.5 kN, 6 kN and 4.5 kN were obtained as about 17,000, 30,000 and 97,000
1 (w:1.95) 21.1kN 6 without washer 32443 41125 37631 37066 cycles respectively. There was no observed effect of washer for the fatigue test of 8.8
2 (w:2.05) 21.1kN 6 without washer 41125 33968 36773 37289 grade bolts considering the range of the repeated tests.
3 (w:2.25) 21.1kN 6 without washer 38425 35962 33521 35969
Table 4. Fatigue test results for M8x1.25 full thread 8.8 grade bolts.
4 (w:2.65) 21.1kN 6 without washer 37049 39681 38197 38309
1 (w:1.95) 21.1kN 4 with washer 159873 146354 154255 153494
] . Test Mean Load  Alternating Assembly Test 1 Test 2 Test 3 Average
2 (w:2.05) 21.1kN 4 with washer 158632 152545 149862 153680 samples (kN) Load (kN) condition (Cycle) (Cycle) (Cycle) (Cycle)
3 (w:2.25) 21.1kN 4 with washer 156974 148956 159841 155257
1 (w:1.95) 14.8 kN 7.5 with washer 17133 15498 16237 16289
4 (w:2.65) 21.1kN 4 with washer 151608 152579 143207 149131
2 (w:2.05) 14.8 kN 7.5 with washer 16632 16753 15936 16440
1 (w:1.95) 21.1kN 4 without washer 156321 165814 134964 152366
3 (w:2.25) 14.8 kN 7.5 with washer 17996 15634 15974 16535
2 (w:2.05) 21.1kN 4 without washer 151284 147658 165874 154939
4 (w:2.65) 14.8 kN 7.5 with washer 16945 15893 16695 16511
3 (w:2.25) 21.1kN 4 without washer 150327 141350 157965 149881
1 (w:1.95) 14.8 kN 7.5 without washer 16584 18941 17354 17626
4 (w:2.65) 21.1kN 4 without washer 156365 148621 149358 151448
2 (w:2.05) 14.8 kN 7.5 without washer 16359 16578 17935 16957
3 (w:2.25) 14.8kN 7.5 without washer 15748 15981 16589 16106
4 (w:2.65) 14.8 kN 7.5 without washer 17621 16954 17652 17409
1 (w:1.95) 14.8 kN 6 with washer 26272 34222 32127 30874
2 (w:2.05) 14.8 kN 6 with washer 28562 31698 29384 29881
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3 (w:2.25) 14.8 kN 6 with washer 33692 31729 29231 31551
4 (w:2.65) 14.8 kN 6 with washer 25691 29689 25637 27006
1 (w:1.95) 14.8 kN 6 without washer 24328 29872 31931 28710
2 (w:2.05) 14.8 kN 6 without washer 26827 29647 32194 29556
3 (w:2.25) 14.8 kN 6 without washer 29173 26943 27615 27910
4 (w:2.65) 14.8 kN 6 without washer 32945 34972 28345 32087
1 (w:1.95) 14.8 kN 4.5 with washer 83402 119957 86605 96655
2 (w:2.05) 14.8 kN 4.5 with washer 93671 97267 93641 94860
3 (w:2.25) 14.8 kN 4.5 with washer 89378 105718 92059 95718
4 (w:2.65) 14.8 kN 4.5 with washer 98961 93697 97617 96758
1 (w:1.95) 14.8 kN 4.5 without washer 87571 102714 95639 95308
2 (w:2.05) 14.8 kN 4.5 without washer 107625 98591 96174 100797
3 (w:2.25) 14.8 kN 4.5 without washer 109632 96505 94126 100088
4 (w:2.65) 14.8 kN 4.5 without washer 89391 95129 93074 92531

M8x1.25 8.8 Full Thread Fatigue Tests Under 14.8 kN Mean Load
8.0

« without washer (Thread)
7,5 - | + with washer (Thread)

g
o
1

L
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1
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Figure 6. M8x1.25 8.8 Full thread fastener fatigue test results.

In addition to fatigue testing, torque-tension tests were also conducted to determine the
mechanical behaviour of bolts considering the assembly conditions. The tests were condu-
cted until the bolts were fractured either from the head or thread region and failure loads
were obtained. The test results were presented in Tab. 5 and the obtained failure loads with
respect to socket depth was given in Fig. 7. 10.9 grade bolts having the w value of 1.95 and
tested with washers were all fractured from the head region. However, one of the three tests

conducted with the same bolts without washer were failed from the thread region. In addi-
tion, one of the bolts tested with w value of 2.05 with washer were also failed from the head
region, on the other hand, same bolts tested without washers were failed from the thread
region. Therefore, considering the torque-tension test results of bolts with the w values of
1.95 and 2.05, it was shown that use of washer in assemblies lead to decrease in failure
loads and change in failure mode i.e. fractures occurred at the head region (Fig. 7). All the
other bolts tested with the w values of 2.25 and 2.65 were failed from the thread region. The
failure loads of the assemblies fractured from the head region was obtained as 35-38 kN,
whereas, the failure loads were 40-45 kN for the bolts failed from the thread region, without
any significant dependence on the w values, as expected.

Table 5. Torque-Tension test results for M8x1.25 full thread 10.9 grade.

Test Assembl Failure Failure Failure Average

samoles conditiorzl Load Load Load Failure Load

P (kN) (kN) (kN) (kN)

, with 38.05 38.75 37.35
1(w:1.95) washer (kN) (Head) (Head) (Head)

_ with 36.15
2w205) M (Heat) 43.40 45.05
3 (W:2.25) W‘;’;‘:er 40.10 40.35 4115 40.53
4 (w:2.65) W‘;’:r:‘er 41.60 4275 42.45 4227

_ without 35.40 31.30
1(w:1.95) washer (Head) (Head) 43.30
2 (w:2.05) V“V";Zﬁg: 4260 40.85 40.10 41,18
3 (W:2.25) ‘x‘;:sg: 42.30 40.50 41.00 8,27
4 (w:2.65) ‘x‘;gﬁs: 41.65 43.85 42.95 42,82
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Failure Load comparison of 10.9 quality M8x1.25 FT fasteners Failure Load comparison of 8.8 quality M8x1.25 FT fasteners
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Figure 7. M8x1.25 10.9 Full thread fastener failure load comparison.

. ) . . Figure 8. M8x1.25 8.8 Full thread fastener failure load comparison.
Torque tension test results of 8.8 grade bolts were given in Tab. 6. All the bolts having

the w values of 1.95,2.05, 2.25 and 2.65 were fractured from the thread region. The use of Typical fracture surface of the fatigue-failed bolts from the thread region can be seen
washer had no effect on both failure mode or failure loads as shown in Fig. 8. The failure in Fig 9. The failure modes observed at the thread and the head regions were the same for
loads of the bolts fractured from the thread region was obtained as 33-36 kN. the 10.9 and 8.8 grade bolts. The reason for failures can be explained by multiple-sites

crack initiation and growth (light-grey region) followed by rapid fracture (dark-grey region).
Table 6. Torque-Tension test results for M8x1.25 full thread 8.8 grade. . . . . . .
Depending on the applied alternating loads, the crack growth, light-grey region was diffe-

rent, as can be expected. When alternating loads were higher, crack initiation and/or crack

Failure Failure Failure Average

Teslt Asszmbly Load Load Load Failure Load growth was faster leading to lower fatigue life. As can be seen for the fracture surface with
samples condition . . . TR . .
P (kN) (kN) (kN) (kN) low alternating loads, multiple ratchet lines indicating the direction of crack growth can be
1(w:1.95)  with washer 34.50 33.85 32.20 33.50 easily seen. The ratchet lines, characteristic of fatigue failures observed generally for the
2(w2.05 withwasher 3205 3520 34.90 34.05 bolts can be also seen in Fig. 9. The ratchet lines are observed when two cracks start from
) different crack planes at thread root and merge as the crack grows. SEM image of the frac-
3(w:2.25)  with washer 35.85 35.15 33.65 34.88 . . ) .
ture surface of the bolts can be seen in Figure 10, ratchet lines can be seen in more detail.
4(w:2.65)  with washer 34.30 35.20 34.70 34.73
1(w:1.95) ‘v“’v';:gg: 34.15 34.15 33.45 33.92
2 (w205  Without 33.85 33.90 33.85 33.87
washer
3(w22s)  Without 33.90 32.65 35.30 33.95
washer
4(w2es)  Without 34.55 35.45 34.10 34.70

washer
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Figure 9. Typical fracture surfaces of the fatigue failed 8.8 grade bolts with (a) higher
(7.5 kN) and (b) lower (4.5 kN) alternating loads.

Figure 10. SEM image showing the part of the fracture surface after fatigue failure.

Ratchet lines can be seen.

Fatigue failures were observed from the head region for the bolts having too deep
socket depths leading to decrease in structural integrity. For this type of bolts, failure mode
was shifted from the thread region to head region due to loss in load bearing capacity as a
result decrease in area supporting the applied loads. Typical bolt views fatigue-failed from
the head region can be seen in Fig. 11.
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Figure 11. Fatigue failures observed from the head region.

Considering the fatigue and torque-tension test results, use of washer has negative
effect on structural integrity of the assemblies tested with 10.9 and 8.8 grade bolts. The-
refore, use of washer should be avoided as long as the assembly conditions permit, parti-
cularly for 10.9 grade bolts. In addition, two of three bolts having the w values of 1.95 and
tested with washer were failed from the head region. The rest of the bolts were fatigue
failed from the thread region for 10.9 grade bolts. As torque tension test results revealed,
all bolts with washer and two of three bolts without washer were fractured from the head
region, when the w values were 1.95. In addition to experimental results, deviation in geo-
metry was observed at the bottom head region of the bolts for the w value of 1.95 mm (as
shown in Fig. 2). Therefore, considering the structural integrity and the obtained final geo-
metry, 10.9 grade bolts with the w value of 1.95 mm were found as unsuitable to be used in
assembly conditions. The critical socket depth for 10.9 grade bolts, i.e. y . was found as
about 2.25 mm, since one of the bolts with w value of 2.05 mm were failed from the head
region during torque-tension tests, as shown in Tab. 5.

The critical socket depth for 8.8 grade bolts were determined considering the forming
simulations and experimental data, as conducted for the 10.9 grade bolts. As shown in
Tab. 6 and Fig. 9, all tested bolts were failed from the thread region for both fatigue and
torque-tension experiments. Therefore, the critical socket depth (y ) was determined as
around 2.05 mm for 8.8 grade bolts, considering the geometric deviation observed for the
bolts with w value of 1.95 mm.

The critical socket depth, i.e. y . values determined by using the Thomala's equation
(Eq. 1) can be seen in Tab. 7. The y _ values were obtained as 2.72 and 2.60 mm for the
10.9 and 8.8 grade bolts, respectively. As stated, the Eq. 1 is based on the comparison of
the stresses at the head region and the thread region under loading conditions. Any contri-
bution due to contact and friction were not included in the analytical model. Therefore, con-
sideringthey . values obtained as 2.25 and 2.05 for the 10.9 and 8.8 grade bolts, the Tho-
mala’s model was found to be under-estimating the critical socket depth values. The reason
for this difference can be correlated to the model which is not considering any con
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tact behaviour and any friction between the bolts and the assembly parts. In addition, com-
paring the 10.9 and 8.8 grade bolts the y . values were higher for 10.9 grade bolts, sugges-
ting a higher weight reduction for 8.8 grade bolts. Both experimental results and analytic
model confirmed this feature.

Table 7.y . values according to Thomala's model.

D, (Socket X
Fastener Type (st {\ja a) 131‘9; (Slzan)k drive (Shear Yonin
Tess are 1ameter, diameter) ratio)
M8x1.25x50
Full Thread 36.6 mm2 7,17 mm 6,5mm 0,65 2,72 mm
10.9 DIN 912
M8x1.25x50
Full Thread 8.8 36.6 mm2 7,1 mm 6,5mm 0,62 2,60 mm
DIN 912

5. Conclusions

Based on the numerical, empirical and analytical studies conducted in this study, fol-
lowing conclusions can be drawn:

1. Considering the forming simulations, it was found that geometric deviations were
observed for the bolts having the w value of 1.95 mm. The deviations observed for the
bottom of the head will lead to decrease in contact area in assembly conditions. Therefore,
based on forming simulations, it was concluded that the bolts with the w value of 1.95 mm
were not suitable to be used in assembly conditions due to geometric deviations.

2. The experimental studies conducted with and without washers revealed that washers
used in the assemblies lead to decrease in structural integrity and premature failures for
both fatigue and torque-tension tests, particularly for the 10.9 grade bolts Therefore, the
critical socket depth, y ., have to be determined considering the assembly conditions, i.e.
depending on the use of washer or not.

3. Based on the empirical studies and forming simulations, the critical socket depths for
the 10.9 and 8.8 grade bolts, i.e. y ., were found as about 2.25 and 2.05 mm, respectively.
No failures were observed from the head region for the bolts tested with the y . or higher
values. The effect of washer was also considered in the analysis.

4. Considering the critical socket depths obtained both in this study and the Thoma-
la's model, it was found that y = values were higher for 10.9 grade bolts compared to 8.8.
Therefore, final weight reduction was higher for 8.8 grade bolts. However, considering the
torque-tension tests in which all the bolts tested under the same configuration, the load-be-
aring capacity was higher for 10.9 bolts, as can be expected.

5. Comparing y . values obtained from the analytical model and empirical studies,
it can be concluded that Thomala's model is under-estimating the y . values. The main
reason can be attributed to the model which is not taking into account any contact and fri-
ction behaviour occurring in the assemblies.
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Abstract

In this study, the effects of die and tool design on life of cold forging dies were investigated.
Simufact.forming was used as finite element modeling software to examine material flow
and the level of stresses generated on the dies during cold forging of M8x21.5 special fas-
teners. According to the initial simulations, it was seen that the maximum principal stres-
ses acting in the fourth forging stage were above the die material static limit. After emp-
loying different tool designs, a significant decrease in maximum principal stresses from
about 900 MPa to 400 MPa was achieved. The designed tools and dies in this study were
used in serial production up to number of 260.000 bolts. The production was completed
without any failure of dies and tools which was predicted by the simulations.

Keywords: Cold forging, tool and stage design, finite element modelling.
1. Introduction

Cold forging is the one of the mass production processes based on plastic deformation
of materials at room temperature. Near-net shape products with high structural integrity
can be obtained by cold forging without conducting any secondary machining operation
[1]. As the geometry of the products to be cold forged becomes complex, the press force
required for forming generally increases leading to decrease in fatigue life performance
of the dies. Therefore, forging stage and tool designs becomes more crucial in cold for-
ging for production of complex-shaped products. Improvements in forging stage and tool
designs based on trial-and-error method leads to significant time and cost loss. Numerical
simulations are employed to avoid trial-and-error so that the final form can be obtained in
a faster and economical manner [2]. With numerical studies, material flow as well as stres-
ses acting on dies and possible damage locations can be detected prior to production [3].

In addition, it was shown that tensile stresses on the dies could be reduced by employing the
shrink fitting procedure [4]. In another study, it was shown that carbon fiber material could
be used as stress ring material in cold forging leading to better fatigue performance [5]

In this study, forging stage and die & tool designs of cold forged M8x1.25x21.5 bolt
was examined to maximize tool and die life. Finite element simulations were carried out
to reveal the material flows of each forging stage. In addition, different die systems were
investigated based on stresses acting on the dies to obtain the highest fatigue life.

2. Sample

M8x1.25x21.5 bolts were cold-forged at Norm Civata, Turkey. The technical drawing of
the fastener was given in Figure 1. 23MnB4 low carbon alloy steel was used in production.
Spheroidizing heat treatment was applied to materials before cold forging in order to incre-
ase forgeability by increasing ductility and to decrease forces required to plastically deform
the material. After cold forging, fasteners were heat treated to obtain desired mechanical
properties, as defined by the standards.

Figure 1. 2D technical drawing of the product.

3. Finite Element Modelling
3.1. Stage Design

The cold forging process was designed and modelled in five forging stages. Simulati-
ons were carried out using Simufact.forming finite element software. The material model
and the friction coefficients, obtained from the previous production experiments, were used
in the simulations. The first four stations were simulated in 2D, and the fifth stage was
modelled in 3D due to symmetry conditions (Figure 2). For the stage design, rigid dies were
used and workpiece was modelled as elastic-plastic material. Quad and hex type mesh
were used in 2D and 3D models, respectively. The effective plastic strain distribution of
each five stages can be seen in Figure 3.
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Figure 2. a) 2D axisymmetric, b) 3D models.

Figure 3. Distribution of effective plastic strain on forging stages.

3.2. Tool Design

After finalizing the stage designs, the stresses acting on the dies were investigated to
observe the level of stresses. Considering the stage designs, it was identified that the dies
of fourth stage would experience significant stresses, due to significant loading required to
obtain the final shape (Figure 4). Therefore, moving and stationary dies were modelled and
investigated separately. The insert die material was chosen as WC-Co cermet having high
compressive strength with limited tensile strength and H13 tool steel was used for the ring.
Shrink-fitting was introduced in the models to increase the resistance of the dies particu-
larly under tensile stresses. The forging process was carried out by making 3D modelling
of the fourth stage moving die geometries. The minimum and maximum principal stresses
observed in the moving die were given in Figure 5. Based on the principal stresses, it was
found that the stresses at the inner edge of the insert was higher than the static yield stren-
gth of the die material. Therefore, in order to reduce the stresses at the inner edge region
of the insert, the dies were split in order to eliminate stress concentration (Figure 6). Owing
to revised design, the maximum principal stresses were decreased from about 900 MPa to
400 MPa so that better fatigue performance of the moving dies can be expected (Figure 7).
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Figure 4. Schematic representation of the fourth stage.
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Figure 5. Moving die; minimum and maximum principal stresses.
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Figure 6. Schematic representation of the moving design of fourth stage; (a) Current design,
(b) Split design. Part 1 and Part 2 are the split moving dies.
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Figure 7. Revised tool design; minimum and maximum principal stresses.
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After the simulations of the moving dies, the stationary dies were also modelled with
the same procedure defined for the moving dies. The minimum and maximum principal
stresses obtained for the stationary dies can be seen in Figure 8. The stress levels obtai-
ned for the dies were below the yield point for both in tension and compression. Therefore,
no revision was required for the stationary dies.

Minimum principal stress Maximum principal stress

750.00
675.00
600.00
525.00
450.00
375.00
300.00

225.00
150.00
7500
0.00

Figure 8. Stationary die; minimum and maximum principal stresses.

Based on the finite element modelling, both moving and stationary dies were examined
and required improvements were conducted. After confirming the designs of the dies and
tools, the M8x1.25x21.5 holts were produced by cold forging. The stage designs and final
product can be seen in Figure 9. The cold forging of 260.000 products were carried out and
the production was completed without any failure of the dies.

Mgy

Figure 9. Stage designs and final product obtained from the production.

4. Conclusions

In this study, modeling of die designs for M8x1.25x21.5 bolt was investigated and finite
element simulations were carried out to maximize the tool life. After the initial insert design
leading to very high tensile stresses, the die design was improved by splitting to eliminate
stress concentration. After confirming the lower stress levels for revised design by finite
element simulations, cold forging was carried out for 260.000 products and no failure of
the tools was observed. Therefore, it can be concluded that instead of try-and-error appro-
ach which is not only time consuming but also costly, numeric simulations can be preferred
to reduce the time-to-production duration and cost of the new products.
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Abstract

Tribological conditions of dies and work-piece material are crucial to control material flow,
product surface quality and forming forces in cold forging operations. Besides surface
quality of forging dies, the coating on work-piece material significantly affects the friction
coefficient which determines flow of the material, forming forces and tool wear. In cold for-
ging industry, conventional zinc-phosphate/soap coating is mainly applied. However, this
operation has drawbacks like generation of hazardous wastes including heavy metals, high
recycling and operation costs. Polymer-based chemicals are relatively good alternatives.

They are not environmentally hazardous as compared to zinc-phosphate coating and pro-
cess costs are lower due to decreased number of preparation tanks and elimination of
soap usage. However, bonding energy of polymer-based chemicals to steel surface is lower
in contrast to zinc-phosphate coating. This may have a negative impact in metal forming
operations like wire drawing. In this study, wire drawing process of Bonderite L-FM FL 735
type of polymer coated cold forging steels was analyzed both experimentally and numeri-
cally. Experimental studies were conducted for deformation ratio of 8.4% using conventi-
onal wire drawing dies. Experiments are also coupled with finite element simulations by
using simufact.forming software. Experiments conducted with conventional wire drawing
dies showed that polymer coating was excessively removed from the work-piece material
which leads to material sticking to die surface in further forging operations. Simulations
revealed that the approach angle of wire drawing die has a significant effect on the defor-
mation of material surface which affects residual polymer thickness.

Keywords: Wire drawing; polymer coating; cold forging; numerical simulation.

Introduction

Wire-drawing process in fastener production is a cold forming technique in which initial
wire diameter is decreased to desired diameter with low tolerances by pulling the wire at
a specific speed through a die. In addition to diameter reduction, ovality of the wire cross
section can be also eliminated which significantly effects the dimensional tolerances in
cold heading process. Effectiveness of wire-drawing process depends on many factors
like wire material, die geometry, drawing speed and interference surface conditions [1]. It
is well known that the most crucial parameter in metal forming is the tribological condition
between the formed material and die. Friction between drawing die and wire directly effects
the surface conditions of formed material, failure evolution, drawing forces and die wear.
Special drawing oils and soap powders are frequently used in this operation to minimize
negative effects of friction, mostly die wear. Nilsson and Olsson [2] categorized die wear
mechanisms in wire-drawing process as adhesive and abrasive wear. In adhesive wear,
pulled wire material starts to stick to the deforming die surface due to high friction [2] and
high compressive and shear stresses [3] which results initiation of surface cracks on die.
In abrasive wear, hard particles like inclusions or surface fragments on the wire deform die
surface excessively.

Cold forging method is mostly applied in fastener production due to its superior advan-
tages like near net shape forming capability, high production rates and low forming costs.
In cold forging conditions, the material is at room temperature where the formability is
excessively lower in contrast to metal at high temperatures (above recrystallization tempe
rature). In fastener production, forging dies are relatively small, therefore the desired defor-
mation has to be given to the material in a small die cavity which significantly increases
the normal pressure between die surface and material. The forming pressures can reach
2500 MPa in forging operations [4]. This also effects the friction conditions. Due to above
mentioned reasons, friction between material and dies become the key factor for the sake
of an efficient cold forging operation. Three applications are applied separately in cold for-
ging operations to decrease friction during forming; i) die surface polishing (manually or
AFM (Abrasive flow machining)), i) usage of lubrications during forming in forging press
and iii) coating of raw material for lubrication. Although all operations are important, coa-
ting of raw material surface has the greatest importance. Zinc-phosphate is mostly prefer-
red for material surface coating in cold forging. The coating process starts with the clea-
ning of the material surface. Cleaning can be made chemically by using acidic chemicals
or mechanically like sand blasting. After cleaning process, materials are subjected to zinc-
phosphate bath where crystalline zinc-phosphate Zn (PO,), is deposited on material sur-
face. Lastly, material is dipped into the soap, sodium stearate. By this way, surface friction
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coefficient of the material can be decreased to a range between 0.02 and 0.07 [5]. Zinc-
phosphate coating operation has drawbacks like higher number of preparation and coa-
ting tanks, high amount of water usage, and hazardous waste material generation (heavy
metals). One alternative to zinc-phosphate coating is polymer coating. In this type of coa-
ting method, materials are dipped into a polymer liquid bath after surface cleaning. Then,
material is dried in a furnace. Polymer coating has no drawbacks of zinc-phosphate coa-
ting, and it is more environmentally friendly. It was determined that friction coefficients of
zinc-phosphate and polymer coated materials in cold direct extrusion is relatively similar
[6]. Detailed information on coating materials and their effects on wire-drawing process
can be found in ref. [7]. In wire-drawing process, a part of material coating is removed from
the surface due to deformation and excessive contact conditions which leads to decrease
in thickness of the coating. If the level of decrease in coating thickness is above a criti-
cal value, it may result material flow problems in further forming operations like extrusion,
reduction or heading.

In this study, wire drawing process of Bonderite L-FM FL 735 type of polymer coated
cold forging steels was investigated to eliminate high volume removal of polymer coa-
ting from wire-drawn material. For this purpose, wire-drawing operations were conducted
with zinc-phosphate and polymer coated materials using conventional wire drawing dies.
Then, finite element models of wire-drawing operation was prepared in simufact.forming
software. According to the findings, wire-drawing dies were redesigned and tested in the
production area.

Materials & Experiments

Wire drawing experiments were conducted on polymer coated 23MnB4 cold forging
steels. At first step, steel coils were cleaned with hot water. Then, coils were dipped into
acid bath at concentration of 25% to clean the surface of the metal and generate bonding
area for polymer. To eliminate the effects of acid solution, coils were dipped into a neutra-
lization bath. At next step, coils are dipped into polymer bath as shown in Figure 1(a). Here
polymer chemical is Bonderite L-FM FL 735 with a concentration of 60%. The effectiveness
of the coating strongly depends on holding time of the coil in polymer bath. After a certain
time, coil is taken off from the bath and hold to flow extra polymer liquid from material sur-
face. Lastly, wet coil is put into the furnace for 15 minutes as depicted in Figure 1(b). Envi-
ronmental temperature of the furnace is about 80°C.

(b)

Figure 1. (a) Coils in polymer bath and (b) drying in furnace.

The schematic view and technical drawing of wire-drawing die are shown in Figure 2(a)
and (b), respectively. As seen in Figure 2(a), wire-drawing tool has four different zones. A1,
A2, A3, and A4 are entrance, approaching, bearing and relief zones. Wire is pulled through
the die from A1 and approaching is calibrated in A2 zone. Diameter of the wire is decrea-
sed in A3 zone and deformed material flow away from A4. Wire-drawing die parameters are
shown in Figure 2(b). Here, de, do, and df are entrance zone, initial and final wire diameters.
Approaching and relief angles are 2a and 2y. The final diameter of the wire is calibrated in
bearing zone which has length of I.
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Figure 2. (a) Schematic view and (b) technical drawing of wire-drawing die.

Wire-drawing trials were conducted by using steels having diameter of 8 mm. The final dia-
meter of wire is about 7.67 mm, corresponding deformation ratio of 0.084. Deformation
ratio is calculated as [8];

Af (1)

Here, A and A, are initial and final cross-sectional areas of the wire. Figure 3 shows tech-
nical drawing of wire-drawing die used in production trials. Approaching angle is 19° and
bearing length is 2.57 mm approximately. Core and stress ring materials are WC-Co G30
DIN 1.2344. Wire-drawing speed was fixed to 400 mm/sec.

Figure 3. Technical drawing of conventional wire-drawing die.

Numerical Models

Numerical models of wire-drawing operation were prepared in simufact.forming
software. Numerical model of the process is shown in Figure 4. Model consists of wire-
drawing dies (core and stress ring), wire and ram. The wire length was taken as 40 mm to
reach steady-state condition while minimizing the total CPU time. Ram was modeled as
rigid body, while core and stress ring were modeled as elastic materials. Wire was defined
as a deformable body and modeled as elasto-plastic material. Flow curves of 23MnB4 steel
at strain rates of 1-50 s and temperatures of 20-400°C were defined to the software. Cou-
lomb friction model defined between bodies and friction coefficient is fixed to 0.07. The
whole model was constructed in 2D condition due to axisymmetry. Finite element mesh of
wire consists of 2,159 quad elements while core and stress ring consist of 2,000 quad ele-
ments. Shrink fit was also defined between core and stress ring as 0.5% shrink fit ratio.
Ram was glued to the wire and a press having 400 mm/sec was defined to ram.

Figure 4. Numerical model of wire-drawing process.

Results

Figure 5 (a) and (b) shows wire-drawing die after 20 m wire-drawing operation by using
the die shown in Figure 3. As depicted in the picture, polymer coating was seen to be remo-
ved from the surface by deformation, and coating was accumulated on the die. This leads
these significant consequences; i) thickness of polymer coating on the material surface
significantly decreases after wire-drawing process. This leads sticking and material flow
problems in the further cold forming processes like extrusion and heading. ii) after reac-
hing a critical level of polymer accumulation, wire-drawing die experienced a sudden frac
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ture due to high compressive stresses, iii) due to removed polymer particles, wire-drawing
lubrication oil starts to lose its functionality in terms of increased viscosity (Figure 5(b))

(b)

Figure 5. Accumulation of polymer coating on wire-drawing dies.

Wire-drawing die was redesigned to decrease surface deformation due to calculations
according to Ref [8]. In wet conditions where oil lubricant is used, approach angle (2a)
should be taken as 11° at deformation ratio up to 10%. Bearing zone length can be calcu-
lated as [8];

[ =0.15+d, @

Figure 6 shows revised die design which is based on above calculations. Here, entrance
and relief zones have an angle of 60°, approaching angle was set to 11° and bearing zone
length is 1.15 mm. In contrast to conventional wire-drawing die shown in Figure 3, approa-
ching zone space was significantly decreased.

Figure 6. Technical drawing of revised wire-drawing die.

Wire-drawing simulations were carried out using conventional (Fig.3) and redesigned dies
(Fig. 6). Effective plastic strain distribution is shown in Figure 7(a) and (b). Here, the begin-
ning and final sections of the wire should be ignored due to evolution of high deformation
during the entrance and existing from the die. As depicted in Figure 7(a) and (b), significant
surface deformation difference was seen on the deformed wire using conventional (C-WD)
and redesigned (R-WD) dies.
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Figure 7. Effective plastic strain distribution after wire-drawing with; (a) conventional (C-WD), (b) redesigned dies (R-WD).

To evaluate a comparison, effective plastic strain data was collected from steady-state
area of the wire as depicted in Figure 8(a) from tracking points. In the same figure, variation
of effective plastic strain versus z- coordinate of wire is shown. It was seen that surface
strain is approximately 17 times lower in the case where redesigned die was used (Figure
8(b)). This clearly indicates that surface deformation can be significantly decreased by
using proper approach angle.

: Tracking

]/ points.

Efactbes plasic snin
g

(@)



40 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2019 NORM FASTENERS R&D CENTER PUBLICATIONS | 2019 | 41

0.32 T T T T T T T T
0.30 | | Conventional WD die (C-WD) ]
~-—- Redesigned WD die (R-WD) ]
c 0B e 255 ]
% 028/ 4 i
£ 024} ~\/ 4 i
w
2 ]
o 022F -
@ 4
2
g 0.20 _
oo 0.15 ]
£ =u, 1
0.16 | / plavat S
014 b R } 4
012 1 1 1 1
(b) .04 -0.03 002 -0.01 0.00 0.01
z- coordinate E
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Although main failure mechanism is wear in wire drawing process, stress increase in
WC-Co die material may decrease the total tool life especially in long production times. In
the production side, wire drawing dies are removed and deforming areas are polished in
specific period of times to prevent excessive wear. However, fracture caused by stress inc-
rease will lead irreversible failure which results an increase in cost of the operation. There-
fore, new design of wire drawing die should be analyzed in detail. Due to numerical findings,
decreasing bearing length of the die leads increase in generated die surface stress due to
deformation localization. In following case, effect of bearing length on surface strain was
determined. For this purpose, four different types of dies were designed;

i) 2a=19°, 1=2.57 mm (C-WD), i) 2a=19°, 1=1.15 mm (C-WD), iii) 2a=11°, [=2.57 mm (R-WD),
and iv) 2a=11°,1=1.15 mm (R-WD).

Figure 10(a) shows effective plastic strain variation on the deformed wire for all die
designs. As depicted in the figure, surface deformation was not affected by bearing length
of the die. Effective stress distribution on the die was compared in Figure 10(b) for die
designs of 2a=11°,1=1.15 mm |=2.57 mm. As expected, surface stress on the die was seen
to be lower for bearing length of 2.57 mm.
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Figure 10. (a) Effective plastic strain comparison on wire surface with dies of 2a=19°, 1=2.57 mm (C-WD), 2a=19°,
I=1.15mm (C-WD), 2a=119, I=2.57 mm (R-WD), and 2a=11%, I=1.15 mm (R-WD) and (b) effective stress distribution

on redesigned dies with I=1.15 mm [=2.57 mm.

According to numerical findings, prototypes of wire drawing dies having 2a=11° and
1=2.57 mm were manufactured and tested in the production area for 23MnB4 forging steel
having diameter of 8 mm. Type of lubrication oil and polymer coating process variables
were kept same as previous productions. As depicted in Figure 11, there was no polymer
coating removal or surface failure observed after drawing 1.6 tons of material. In contrast
to wire surface conditions shown in Figure 5, surface color in Figure 11 was seen to remain
white which shows the presence of polymer.

Figure 11. Wire surface condition after wire-drawing operation with redesigned die.

Conclusions

In this study, wire drawing of Bonderite L-FM FL 735 type of polymer coated cold for-
ging steels was analyzed both experimentally and numerically to prevent excessive coa-
ting removal from forging steel surface. Process simulations were prepared using simu-
fact.forming software. Wire drawing die design was improved due to numerical findings.
According to numerical and experimental analysis, the following conclusions can be drawn;

« Approach angle has significant effect on surface deformation in terms of effective plastic
strain generated on the surface of wire which directly affects the removal level of polymer
coating. Numerical analysis and production tests proved that optimum approach angle
was 11° for wires having diameter of 8 mm under deformation ratio of 10%. By consi-
deringmanufacturingtolerances,approachinganglesbetween10°and12°areacceptable.

- Bearing length was seen to have no effect on surface deformation while effec-
tive stress on the die was determined to increase with decreasing bearing length.
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Rotiller otomotiv sektoriinde kullanilan ve aracin aks sisteminde yer alan baglanti ele-
manlaridir. Tekerleklerden gelen diisey ve yatay kuvvetleri tasiyan bu baglanti elemanla-
rinin yapisal biitiinliigii ve mukavemeti kritik neme sahiptir. Bu nedenlerden dolayi rotil-
ler diger imalat islemlerine gore daha mukavim pargalar iiretilmesini miimkiin kilan soguk
ddvme yontemi ile iiretilmektedirler. Soguk dovme islemi oda sicakliginda uygulandigindan
dolayr metallerin siinekligi ik ya da sicak dovmeye kiyasla daha diisiiktiir ve bu durum
malzemenin ¢atlama riskini arttirmaktadir. Bu noktada dévme islemi sirasindaki yaglama
ve siirtinme gibi tribolojik degdiskenlerin yani sira dovme sirasindaki mekanik degisken-
lerin de yapilan kalip tasarimlari ile en iyilenmesi gerekmektedir. Bu galismada 8.8 kalite
(312x60,5 rotillerin kiire altinda meydana gelen ¢atlak olusumu irdelenmistir. Calisma kap-
saminda hasarli numuneler optik mikroskop altinda incelenerek ¢atlak yayilimi tespit edil-
mig ve hasarin malzeme kaynakli olup olmadidi belirlenmistir. Soguk dévme iglemi ayrica
simufact.forming sonlu elemanlar programinda hazirlanan simiilasyon modelleri ile analiz
edilmistir. incelemeler ve simiilasyonlar gatlak olusumunun dévme kaynakli oldugunu gos-
termistir. Sabit kalip iizerinde kullanilan radyus degerinin diisiik olmasi nedeniyle dévme
sirasinda gerinim hizinin ve yiiksek sicakhgin lokalize olarak kiire altinda biriktigi ve olugan
kayma band lizerinde ¢atlama meydana geldigi belirlenmistir.

Anahtar Kelimeler: Rotil, Soguk dovme, Simiilasyon, Catlak, Metal dévme.

INVESTIGATION OF CRACK EVOLUTION IN MULTI-STAGE COLD

FORGING OPERATION OF #12X60.5 BALL STUD

Abstract

As fastening parts, ball studs are used in vehicle axle systems in automotive industry.
Structural integrity and strength of these axial and lateral load carrier fasteners are crucial.
Due to these requirements, ball studs are produced using cold forging method which ensu-
res more reliable strength to the parts in contrast to other manufacturing methods. Cold
forging operations are conducted at room temperature and this leads to increase materi-
al's tendency to cracking due to decreased ductility which is higher in warm and hot forging
operations. As a result of that, mechanical variables should be optimized with the correct
design of tools and dies as well as tribological conditions like friction and lubrication in for-
ging. In this study, crack evolution beneath the @12x60.5 ball stud sphere was investigated.
Damaged specimens were examined using an optical microscope to determine crack pro-
pagation and the possibility of material depended crack formation was revealed. Numerical
analysis of cold forging operation was also conducted and simulation models of were pre-
pared in simufact.forming finite element software. Examinations and simulations showed
that crack evolution is directly related to forging operation. High strain rate was observed
beneath the ball stud sphere in localized manner during forming and this was assumed to
lead crack evolution due to shear band formation coupled with high temperature presence.

Keywords: Ball stud, Cold forging, Simulation, Crack, Metal forging.

1. Giris

Baglanti elemanlari makine elemanlari grubunun 6nemli iiyelerinden biri olup, yapi-
larin biitilinliigline, giivenligine ve performansina direkt etkisi olan bilesenlerdir. Baglant
elemanlari boyutlarina, talep edilen mukavemet degerlerine, karmasikliklarina ve boyut/
yiizey toleranslarina gore farkli yontemler ile imal edilmektedirler. Ancak malzeme igeri-
sindeki lif akisinin kesilmemesi, iiriinlerin daha mukavim olmasi ve yiiksek iiretim hizi gibi
nedenlerle metal sekillendirme yontemleri tercih edilmektedir. Baglanti elemani tipine
gore kullanilacak olan metal sekillendirme yontemi degismektedir. Sektorde kullanilan
baglanti elemanlarinin biiyiik bir cogunlugu dovme islemleri ile iiretilmektedir. Dovme
tipi olarak soguk, ilik ya da sicak dovme metotlarindan uygun olan kullaniimaktadir. Bu
metotlardan sagladigi avantajlar sebebi ile soguk dovme one gikmaktadir. Soguk dovme
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oda sicakhgindaki hammaddeler lizerinde gergeklestirilen, son iiriinde daha yiiksek yiizey
kalitesi, boyut hassasiyet ile daha yiiksek mekanik ozellikler saglayan bir yontemdir. Tim
bu avantajlarina ragmen soguk dovme kosullarinda malzeme siinekligi ik ya da sicak
ddvme kosullarinda oldugu gibi yiiksek degildir ve bu nedenle malzemenin plastik defor-
masyon sirasinda hasara ugrayip ¢atlama riski bulunmaktadir. Bu duruma ek olarak ope-
rasyon kaynakli bazi durumlar da malzeme ¢atlagina neden olabilmektedir. Bunlara drnek
olarak uygun olmayan kalip tasarimi, ekstriizyon islemindeki yiiksek deformasyon oran-
lari, pres hizinin uygun olmamasi, yetersiz yaglama, kalip yiizey piiriizliiliigiiniin yiiksek
olmasi ve hammadde hatalari verilebilir. Ozellikle hammadde yiizeyinde var olan gizgisel
hatalar ile dévme sebepli sekillenme hatalar V- sekilli ve agiyla ilerleyen derin gatlak olu-
sumlarina sebep olmaktadir[1].

Metal sekillendirme iglemleri insanhgin varlidindan beri siiregelen iiretim yontemlerin-
den biridir. Ozellikle son yillarda gelisen malzeme teknolojisi ile gok daha karmasik par-
calar sekillendirilmeye baslanmistir. 2000 yilindan itibaren metal sekillendirme konusu
hakkindaki gelismeler Jeswiet ve arkadaslar[2] tarafindan yapilan derleme galismada
bulunabilir. Daha karmasik pargalarin soguk doviilmesi iki ana probleme sebep olmakta-
dir; i) yiiksek dévme kuvvetleri nedeni ile olusan diisiik kalip omiirleri ve ii) doviilen mal-
zeme lizerinde olusan mikro/makro ¢atlaklar. Literatiire bakildiginda dévme islemi ve
ddvme sirasinda malzemede olusan hasarlar iizerinde oldukga fazla galismanin oldugu
goriilebilir. Bu galigmalarin milat taglarindan biri Cockcroft ve Latham [3] tarafindan yapi-
lan ¢alismadir. Burada malzemelerin ok kii¢iik deformasyon durumlarinda c¢atlamasi
ancak ekstriizyon gibi yiiksek deformasyon iceren islemlerde ise ¢atlamamasi konusu
ele alinmig ve ¢atlama hadisesi karmasik gerilme durumu ile agiklanmistir. Yazarlar gelis-
tirdikleri siinek ¢atlama kriterinde ana tetikleyicilerin kayma ve gekme gerilmeleri oldu-
gunu ortaya koymustur. Bu nedenle kriterlerinde ana degisken olarak boyutsuz bir deger
kullanmiglardir ve bu degisken maksimum asal gerilmenin efektif gerilmeye olan oranidir.
Catlama hadisesi ayni zamanda gerilmeler sonucunda meydana gelen deformasyon 6lgii-
tiine (gerinime) baglanmistir. Cockroft ve Latham modeli olarak adlandirilan bu model,
birgok metal sekillendirme simiilasyon programinda basari ile kullaniimaktadir. Cao [4]
yapmis oldugu galismada metal sekillendirme igin kullanilan siinek kirilma modellerini
incelemistir. Landre ve digerleri [5] soguk dovme islemlerinde meydana gelen kirilmanin
tahmininde kullanilan Cockcroft ve Latham modeli kritik hasar esiginin gikarilmasi iize-
rine galismiglardir. Bu galismada AlSI 1045 karbonlu geliginden silindirik, konik (tapered)
ve gobekli (flanged) olarak adlandirilan numuneler iizerinde basma testleri gergeklestir-
miglerdir. Deneysel olarak numunelerde catlak olusturduktan sonra niimerik olarak testler

simule edilmis ve ¢atlamanin oldugu andaki kritik hasar esikleri belirlenmistir. Caligma
sonunda Cockcroft ve Latham modelinin ¢catlama hadisesini %10°dan daha diisiik bir hata
oraninda tahmin ettigini gormiislerdir. Sabih ve digerleri [6] soguk kafa sisirme igleminde
kafa igerisinde enine meydana gelen gatlak olusumunu incelemislerdir. Burada iiriin mal-
zemesi 1038 geligidir. Bu galismada bu gibi catlaklarin adyabatik kayma bantlari nedeni
ile olustugu sonucuna varilmistir. Kafa sisirme islemindeki yiiksek gerinim hizi neden ile
ana kayma bolgesi yiiksek sicakhiga ¢ikmaktadir ve burada kayma bandi olugsmaktadir.
Bu bant iizerinde malzeme igerisinde bulunan mikro delikler birleserek ani ¢atlak olu-
sumlarina sebep olabilmektedir. Watanabe ve digerleri [7] igi bos saftin dévmesinde saft
ucunda meydana gelen ¢atlamanin tahmini igin Cockcroft ve Latham ve Oyane kirilma
modellerini kullanmiglardir. Ancak bu denklemler kritik bdlgeleri verebilmesine karsin
kiriima yonii ile alakali yiiksek tahmin yapamamaktadir. Yazarlar kiriima kriterindeki kul-
lanilan efektif gerinim yerine kirilmayi tetikleyen asal gerilmenin neden oldugu gerinim
degerini kullanarak hesaplama yapmislar ve kirilma yonii olarak daha dogru sonuglara
ulagmisglardir. Quan ve digerleri [8] 42CrMo celiginin siinek kirlma esiginin bulunmasi
amaci ile 4 farkli gerinim hizinda (0,01, 0,1, 1 ve 10 s™') ve 4 farkh sicaklikta (850, 925,
1000 ve 1075°C) basma testleri gergeklestirmislerdir. Calisma kapsaminda yapilan test-
ler sonucunda 0,01 s'-0,1 s gerinim hizi arahiginda sicaklik arttikga kritik hasar esigi-
nin artti§r, 1 s'-10 s*! gerinim hizi aralifinda ise kayda deger bir degisimin goriilmedigi
goriilmistir. Artan gerinim hizi ile malzeme sertliginde meydana gelen artisin, yine artan
gerinim hizi ile malzeme igerisinde meydana gelen sicakhgin etkisi ile dengelendigi ve
boylece malzemeye ait hasar esiginde kayda deger bir degisim olmadigi sonucuna ulas-
miglardir.

Bu galismada 41Cr4 6zel dovme celiginden soguk dovme ile sekillendirilen 8.8 kalite
?#12x60,5 rotilde meydana gelen catlak olusumu incelenerek hasar analizleri gergekles-
tirilmistir. Literatiirde yapilan arastirmalarda soguk sekillendirme yontemlerinden silin-
dirik kafa sisirme iizerinde duruldugu gériilmiistiir. incelenen galismalarda kafa sisirme
operasyonlarinda dovme isleminin diiz sabit kaliplar ile yapilmaktadir. Asik civatasi ve
rotillerin sahip olduklar kafa sisirme operasyonlarinda ise yarim kiire formlu kaliplar ile
malzeme sekillendirilmektedir ve gerilme profilleri gok daha karmasik yapidadir. Ayrica
literatiirde bulunan galigmadan farkli olarak bu galismada tel gekme ve adimli sekillen-
dirmeden gelen malzeme sertlesme ve sicaklik etkileri de goz oniine alinarak son sekil-
lenme adimindaki hasar olusumu incelenmistir. Calisma kapsaminda gatlak olusumu
goriilen rotillerden numuneler hazirlanarak malzeme akiglari ve catlak ilerlemesi optik
mikroskop kullanilarak incelenmistir. Dovme sirasinda malzemede olusan mekanik ve



52 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2019

NORM FASTENERS R&D CENTER PUBLICATIONS | 2019 | 53

termal degiskenlerin tespiti i¢in her bir dovme kademesine ait sonlu elemanlar simiilas-
yon modelleri simufact.forming yazilimi kullanilarak hazirlanmis ve ¢oziilmiistiir. Niime-
rik ve deneysel buluntular bir araya getirilerek hasar alma nedeni saplanmis olup ¢ozii-
miine yonelik tasarim ¢aligsmalari gergeklestirilmistir.

2. Materyal ve Metot

Rotilin Gretiminde yiiksek alagimli dovme celigi olan 41Cr4 gelik alasim kullaniimak-
tadir. Testler sonucunda geligin gekme dayanimi 610 MPa ve sertlik degeri 170 HV olarak
tespit edilmistir. Niimerik simiilasyon programinda kullaniimak iizere alasim farkl gerinim
hizlarinda ve sicakliklarda test edilerek akis egrileri belirlenmistir (Sekil 1). Akis egrileri lig
farkli gerinim hizi (1, 8 ve 40 s') ve {ig farkli sicaklikta (20, 100 ve 200°C) yapilan basma
testleri ile elde edilmistir.
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Sekil 1. 41Cr4 soguk dévme celigine ait akis egrileri.

Soguk dovme Oncesinde alagim gerilme giderme tavlamasina alinmistir. Malzemeler kule
finn igerisinde 620°C atmosfer sicakliginda 7,5 saat boyunca tavlanmistir ve daha sonra
kontrollii bir sekilde firin igerisinde 10 saat igerisinde sogutulmustur. Tavlamadan gikan
hammadde yiizeyleri asit ile yilkanmakta ve durulanmaktadir. Aktivasyon banyosundan
sonra ginko-fosfat, son olarak da sabun ile kaplanmaktadir. Bu iglemin amaci dovme isle-
mine kadar hammadde yiizeyini korozyondan korumak ve dévme islemi sirasinda kalip ile
malzeme arasinda meydana gelen siirtiinme katsayisini minimum diizeye gekmektir. Yiizey
islemden cikarilan kangal seklindeki hammadde, dovme presi igerisine alinmaktadir. Ham

madde, dovme presine gegiste tel gekme kalibi igerisinden ge¢cmektedir ve ¢apinda %5
azalma meydana gelmektedir. Bu sekilde hammadde kesitinde bulunan ovallesme ve dal-
galanma giderilmektedir.

Tel cekme kalibindan gegcen malzeme makaralar yardimi ile pres igerisine alinmaktadir.
Burada bulunan makas mekanizmasi hammaddeyi istenilen boyutta kesmektedir. Kesilen
malzeme hareketli kalip tarafinda bulunan tagima parmaklari ile dovmenin baslayacag ilk
istasyona verilmektedir. Sekil 2'de dort istasyonlu dovme presi gosterilmektedir. Burada
malzeme sekillenmesi birden fazla agsamada gergeklestirilmektedir. Bu nedenle her asa-
manin yapildigi bolmelere istasyon adi verilmektedir. Bir istasyonda doviilen malzeme diger
istasyona parmaklar ile aktarilmaktadir. Son istasyonda sekillenmesi tamamlanan mal-
zeme dovme alanindan uzaklastiriimaktadir. Dovme presi igerisinde sabit kaliplar hareket
etmemektedir, hareketli kalip tarafi ise krank hizinda hareket ederek dovme iglemini gergek-
lestirmektedir.

Sekil 2. Dévme presi.

Sekil 3'de @12x60,5 rotile ait teknik gizim gosterilmektedir. Sekilden goriilecegi lizere
rotil kiire capl 24 mm, saft capi ise 12 mm'dir. Rotiller soguk dévme isleminin ardindan
talash imalat iglemleri ile istenilen son sekle getirilmektedir. Bu nedenle Uriiniin st ve alt
kisimlarinda punta delikleri bulunmaktadir.

60.5

@24
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| a1t |

Sekil 3. 212x60,5 rotile ait teknik ¢izim.
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Sekil 3'de gosterilen rotil dort istasyonda sekillendirilmektedir. istasyon adimlari Sekil
4(a)'da gosteriimektedir. ik istasyonda makasta kesilen mazlemenin kesme yiizeyleri
diizeltilmektedir. ikinci istasyonda yapilan ekstriizyon isleminden sonra kiire iin hazirlik
yapllmakta, dérdiincii istasyonda ise kiire son haline getirilmektedir. Uciincii ve dérdiincii
istasyona ait gorseller Sekil 3(b)'de verilmektedir. Cok adimda sekillenme yapilmasinin
temel amaci metalin sekillenmesi igin gerekli enerjiyi bolmek, boylece tek bir kaliba defor-
masyon igin gerekli yiikiin etki etmesini engelleyerek diisiik kalip dmiirlerinden kaginmak ve
malzemede yasanabilecek ¢atlama riskini en aza indirmektir.
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Sekil 4. (a) Cok adimli dovme isleminde kullanilan istasyon adimlari,

(b) tigiincii ve dordiincii istasyonda iriin geometrileri.

Hasar analizi igin ayrilan dort numune lizerinde makro seviyede incelemeler gergeklesti-
rilmistir. Numuneler iizerinde yer alan ¢atlagin daha iyi goriinmesi amaci ile kiire sprey boya
ile boyanarak daha sonra temizlenmistir. Bu sekilde gatlak olusumu ve ilerleme daha iyi bir
sekilde goriilmektedir. Numunelerin bir kismi enine kesitte tel erezyon (EDM) ile kesilmis
ve daha sonra asit daglama iglemine tabi tutulmustur. Daglama isleminde soliisyon olarak
%25 nitrik %75 HCL asit karigimi kullanilmistir. EDM ile kesilen numuneler 5 dakika boyunca
bu karisim icerisinde bekletilmis ve daha sonra Zeiss lamger M2M optik mikroskop ile ince-
lenmigtir.

2.1. Sonlu Elemanlar Simiilasyonlari

Uretim proseslerinin tamami soguk dévme icin 6zel olarak gelistirilen sonlu elemanlar
yazihmi olan simufact.forming kullanilarak olusturulmustur. Simufact programinin sagla-
digi avantajlardan biri tiim proses bilesenleri modellenebilmekte ve bir prosesten alinan
malzeme diger bir prosese girdi olarak verilebilmektedir. Rotile ait liretim prosesi tel cekme
islemi ile baslamaktadir. Diisiik rediiksiyon oranlarinda hammadde ¢api belirli degerlere
diisiiriilmekte, boylece tedarikgiden geldigi durumda hammadde kesitinde meydana gelebi-
len ovallesme engellenmektedir. Bu igleme ait model Sekil 5(a)'da gosterilmektedir. Model
hammadde, tel gekme kalibi ve iticiden meydana gelmektedir. 16 mm olan hammadde ¢api
tel gekme operasyonu ile 15,5 mm'ye diisiilmektedir. Gergek islemde itici ug hammaddeyi
ortalama 0,4 m/s hiz ile kaliba gekmektedir. Simiilasyonda da itici hizi sabit 0,4 m/s olarak
tanimlanmistir. Modelde kaliplar deforme olmayan rijit govde olarak, hammadde ise elas-
tik-plastik olarak modellenmistir. Hammadde malzeme modeline elastik ve termal meka-
nik degiskenler ile malzemeye ait akis egrileri tamimlanmistir. Akis egrileri 20, 100 ve 200
°C igin ayri ayri modele tanimlanmistir (Sekil 1). Kalip sicakliklarinin kararli rejim durumda
oldugu kabulii yapilmis ve 60 °C olarak tanimlanmistir. Hammadde ise oda sicaklijinda-
dir. Metal sekillendirme simiilasyonlarinda dogrulugu en fazla etkileyen faktorlerden biri
siirtinme modeli ve katsayisidir. ince ve Giiden [9] tarafindan yapilan galigmada soguk
dovme kosullarinda siirtiinme katsayisinin sabit olmadi§i ve islem sicakligi ile degistigi
belirlenmistir. Kurulan modelde Coulomb siirtinme modeli kullaniimis ve literatiirdeki bu
calismaya gore sicaklia gore degisen siirtiinme katsayisi tanimlanmistir. Diisiik sicaklik-
larda siirtlinme katsayisi 0,08 civarindadir. Hammadde aginda 2533 adet dort kenarli 2B
sonlu eleman kullaniimistir. Tel gekme simiilasyonu sonunda elde edilen hammadde soguk
ddvme simiilasyon modeline alinmaktadir. Soguk dévme simiilasyon modeline drnek Sekil
5(b)'de gosterilmektedir. Model hareketli ve sabit kaliplar ile yari mamulden olusmaktadir.
Simiilasyonlarda hammadde iizerine Sekil 5(b)'de gosterildigi sekilde akis gizgileri tanim-
lanmistir ve malzeme sekillenmesi ile bu gizgiler sekillenmektedir. Boylece malzeme akisi
takip edilebilmektedir.
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Soguk dévme simiilasyonunda kullanilan pres hizi-zaman grafigi Sekil 5(c)'de verilmektedir. 3. Bulgular
Vurus strogu sonunda presin ulastigi maksimum hiz 1,790 m/s civarindadir.

Soguk dovme islemi sonrasinda rotil kiiresinde meydana gelen catlak olusumu Sekil
6(a)'da gosterilmektedir. Yapilan makro incelemeye gore catlagin kiire altindaki kademe-
den basladi§i, ayni kademe iizerinde radyal olarak ilerledi§i ve daha sonra kiirede agi ile
ilerleyerek kiire {istiinde sona erdigi goriilmektedir. Sekil 6(b)'de gatlak bdlgesinin fotografi
verilmektedir. Goriilecedi lizere gatlagin kiire alti radyusunda basladigi ve bir tarafi Sekil
6(a)'da gosterildigi sekilde kiire diginda ilerlerken diger tarafin da kesit boyunca ilerledigi
tespit edilmistir. Hasar analizi gerilme yi§ilmasinin bu noktada basladigina isaret etmekte-
dir. Bu nedenle simiilasyonlar ile 6zellikle bu bolgenin incelenmesi gerekmektedir.

)

Ak gizghen

S
(b)
. " (b)
g $Sekil 6. (a) Uriinde dovme sonrasi meydana gelen gatlak olugumu ve
;? : (b) catlak bélgesinin optik mikroskop goriintiisi.
o Sekil 7(a)'da iigiincii ve dordiincii dovme istasyonunda yari mamullerde meydana gelen
i | : | | . sekillenme ve efektif plastik gerinim dagilimlari gdsterilmektedir. Sekillenme incelendi-
) Y el B i ginde herhangi bir malzeme akig hatasina rastlanmamigtir. Kiire altindaki gatlak bolgesinde
(c) plastik gerinim degerinin 1,6 civarinda oldugu goriilmektedir. Bu gerinim degeri sekillenme
Sekil 5. Sonlu elemanlar simiilasyon modelleri; (a) tel gekme iglemi, oranlarinin yiiksek oldugu soguk dovme kosullarina gore oldukga diisiik bir gerinim degeri-

(b) soguk dévme islemi ve (c) soguk dovme presi hiz-zaman grafigi. dir ve gatlama yaratacak biiyiikliikte degildir. Ayrica kiiredeki maksimum gerinimin kiire
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boyunca homojen olarak dagildigi goriilmektedir. Sekil 7(b) ve (c)'de kiiredeki deneysel ve
niimerik olarak belirlenen akis cizgileri gosterilmektedir. $ekilden goriilecegi lizere kafa
sisirme isleminde merkezdeki gizgiler sabit kalirken kiire digina dogru olan gizgiler radyal
olarak agilmaktadir. Gatlamanin olustugu bolgede ise akis diizensizligine rastlanmamistir.
Niimerik model sonucu ile deneysel sonuglar oldukga tutarlidir.

Efektif plastik garinim

(b)

$Sekil 7. (a) Ugiincii ve dérdiincii istasyonlarda meydana gelen sekillenme ve plastik gerinim dagilimlari ve

kiirede meydana gelen akis gizgileri; (b) numunede ve (c) simiilasyonda tespit edilen akislar.

Sekil 8'de kiire sisirme islemi sirasinda malzeme igerisinde meydana gelen efektif geri-
nim hizinin degisimi gosterilmektedir. Sisirme sirasinda gerinim hizi kiire igerisinde “x” sek-
linde bir sekil olusturmaktadir (kalip ilerlemesinin 7,09 mm oldugu durum) ve beklenildigi
lizere en yiiksek gerinim hizi malzemenin kalip ile temasta olan bolgelerinde olugsmaktadir.
Baski arttikga (7,27 ve 7,31 kalip ilerlemesi)"x” seklinde meydana gelen gerinim hizi sek-
linin baglangi¢ kisminin kiire alti radyusu tarafina kaydigi goriilmekte, kalip ilerlemesinin
7,36 mm oldugu durumda ise tamamen bir bant seklinde bu noktada lokalize oldugu goriil-
mektedir. Kalip ilerlemesinin 7,39 mm oldugu asamada ise radyus iizerindeki gerinim degeri

50 s' civarinda maksimum degerdedir ve bant seklinde kafaya dogru uzamaktadir.

7,08 mm
Kalip ilarlamesi

Efektif gerinim hizi (1/s)

7.36 mm 7.39 mm 7.4 mm

Sekil 8. Dordiincii istasyonda kiire sisirme sirasinda malzeme igerisinde olusan efektif gerinim hizi degisimi.

Sabih ve digerleri [6] yapmis olduklari galismada gerinim hizinin yiiksek oldugu lokal kisim-
larda sicaklik artisinin da meydana gelmesi ile malzeme sertli§inde ani diisiislerin meydana
geldigini ve bunun gatlaklara yol agtiindan bahsetmektedirler. Bu bilgiler 1siginda kiire olus-
turma sirasinda kiiredeki sicaklik degisimi incelenmistir. Sekil 9'de kiire olusturma sirasinda
meydana gelen sicaklik degisimi ve dagilimi verilmektedir. Sekilden goriilecedi iizere hazirlik
istasyonundan (iigiincii istasyon) gelen yari mamulde en yiiksek sicaklik degerleri merkezde
ve kiire alti radyus bolgesindedir. Dovme islemi sirasinda en yiiksek sicaklik degeri dagilimin
(ok ile gosterilmektedir) Sekil 8'de gosterilen maksimum gerinim hizi bantlari ile benzer oldugu
goriilmektedir. Bu durum Sabih ve digerlerinin [6] bahsettigi duruma oldukga benzerdir.

160 b

148 0000 4 b

136 foon

124 0000 1
1120000 3 1
180.6000

880000 1

T 000

54 0000

57 0000

00000

Sekil 9. Dordiincii istasyonda kiire sigirme sirasinda malzeme igerisinde olusan sicaklik dagilimi.
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Yukarida belirlenen bant ve yiiksek sicaklk olusumunun kiire alti radyus bolgesinde
olusmasi nedeniyle soguk dovme kalibi incelemeye alinmistir. Sekil 10(a)'da kiirenin olus-
turuldugu dordiincii istasyon sabit kalibi gosterilmektedir. Burada kiire altindaki radyus
degeri 0,3 mm olarak tanimlanmistir. Radyus degerinin yetersiz olmasi malzemede lokal
olarak gerinim hizinin artmasina sebebiyet verebilir. Bu nedenle kalibin bu noktasindaki
radyus malzeme katlanmasina sebebiyet vermeyecek olan maksimum degere, T mm, ¢ika-
nimistir (Sekil 10(b)). Revize edilen bu kalip ile dévme simiilasyonu tekrarlanmistir.

(b)

$Sekil 10. Dordiincii istasyon sabit kiire kalibi; (a) mevcut ve (b) revize hali.

Sekil 11(a)'da revize edilen dordiincii istasyon sabit kalibi ile gergeklestirilen dévme
islemi sirasinda kiirede olusan efektif gerinim hizi degisimi gosterilmektedir. Sekil 8'de gos-
terilen dagilima kiyasla kiirenin olusturuldugu son adimlarda gerinim hizinin 20 s' mertebe-
lerinden 10 s! de@erlerine diistiigii goriilmektedir. Ayrica radyus kisminda olusan lokalize

ve yiiksek (50 s') gerinim hizi da azalarak 20 s mertebesine inmistir. Sekil 11(b)'de kiire-
deki sicaklk dagiimi gosterilmektedir. Sicaklik de@erleri incelendiginde fark yaratacak bir
diisiistin olmadigi goriilmistiir. Bunun nedeni olugan ana sicakligin bir 6nceki istasyondan
gelmesi ve kafa icerisinde hapsolmasidir.

Efektif plastik gerinim (/s

$ekil 11. Revize edilen dordiincii istasyon sabit kiire kalibi ile gergeklestirilen dévme isleminde olusan;

(a) efektif gerinim hizi ve (b) sicaklik dagilimi.

Gerinim hizindaki bu iyilegmenin gatlama olusum riskini en aza indirmesi beklenmekte-
dir. Bu varsayimin iiretim sartlarinda denenmesi icin deneme kaliplari yapilmis ve kiire alti
radyusu 1 mm'ye getirilmistir. Catlagin goriildiigii iretimde 10.000 adet uriin doviilmis ve
yaklasik 110 adet catlak {iriin tespit edilmistir. Revize edilen kaliplar ile 25.000 adetlik bir
tiretim gergeklestirilmistir. Dovme islemi sonunda higbir tiriinde ¢atlak olusumu tespit edil-
memistir.

4. Tartigma ve Sonug

Simiilasyon modellerinde kullanilan hasar modelleri ile ya da efektif gerinim degerleri
ile catlak olusum riskleri goriilebilmektedir. Ancak bu galismada ele alinan iiriin tiplerinde
bu yaklagimlar gatlak olusum tahmininde yetersiz kalabilmektedir. Efektif gerinim hizinin
gatlak olusumunda etkili oldugu ve kalip tasarimi ile lokalize olarak artmasi ile ¢atlak olu-
sumunu tetikleyebilecegi tespit edilmistir. Burada elde edilen bulgular He ve Huo'nun [10]
¢alismalarinda tespit ettikleri durum ile birebir ortiigmektedir. Gerinim hizinin artmasi ile
malzeme icerisinde bulunan mikro ¢atlak ve bogluklarin birlegme hizlari artmakta ve ¢atlak
olusumu hizlanmaktadir ya da tetiklenmektedir. Buna ek olarak gerinim hizinin yiiksek
oldugu bolgelerde sicakhi§in artmasi ile olusan deformasyon bantlari da Sabih ve digerleri-
nin [6] belirttigi sekilde etkili olmaktadir. Yiiksek deformasyon hizinda olusan 1sinin atilama
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masi ve bant lizerinde kalmasi siinekligin ani artmasina ve plastik gerinimin yiikselmesine
neden olarak hasar olusumuna yol agabilmektedir.

Bu ¢alismada 41Cr4 6zel dovme celiginden soguk dovme ile sekillendirilen 8.8 kalite
?312x60,5 rotil kiiresinde soguk dévme operasyonunda meydana gelen gatlak olusumu
ve nedenleri gergeklestirilen hasar ve sonlu elemanlar analizleri ile irdelenmistir. Hasar
analizleri gatlak baslangicinin kiire alti radyus bolgesi oldugunu, gatlagin kiire yiizeyinde
kafaya dogru ve ¢atlak baslangi¢ noktasinda iceriye dogru ¢ift yonlii olarak ilerledigini gos-
termistir. Dovme islemine ait sonlu elemanlar analizleri kiire olusturma sirasinda kiire alti
radyus bolgesinde gerinim hizinin lokalize olarak dévmede meydana gelen gerinim hizina
gore yiiksek oldugunu, buna ek olarak sicakhiinda 160 °C civarinda oldugunu belirlemistir.
Bu durumun malzeme igerisinde kayma bandi olusumuna sebep oldugu goriilmistiir. Kiire
sabit kalibinda kiire alti radyusu malzeme katlanmasina yol agmayacak en yiiksek deger
olan 1 mm'ye yiikseltilmistir. Artan alan ile gerinim hizinin daha homojen dagiimasi saglan-
mis ve bant olusumu engellenmistir. Revize edilen kaliplar ile yapilan seri liretimde dovme
catlagina rastlanmamistir. Calisma sonunda catlak olusumunun yalnizca hasar modelleri
ile tespit edilemeyecegi goriilmiis olup, tasarimlarin simiilasyonlar ile detayh bir sekilde
irdelenmesi gerektigi tespit edilmistir. Metal dovme endiistrisinde meydana gelen kalite
hatalarinin engellenmesinde kalip tasarimlarinin niimerik simiilasyonlar ile irdelenmesinin
oneminin de ayrica alti gizilmelidir.
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Bu ¢alisma kapsaminda soguk dovme yontemiyle iiretilen M10x16 konik kafa T50
soketli baglanti elemaninin iiretiminde kullanilan soguk dovme kaliplar ele alinmistir.
Uretim hattinda diisiik gevrimde kinldigi tespit edilen zimba adaptorii igin detayl galisma-
|ar yiiriitiilmiistiir. Uretimden alinan hasarli kaliplar incelenmis ve sonlu elemanlar yontemi
kullanilarak sekillenme ve kalip analizi simiilasyonlari gergeklestirilmistir. ilgili calismalar
goz oniinde bulundurularak kalip tasarimi revize edilmis ve kalip dmriinde yaklasik 20 kat
iyilesme elde edilmistir. Revize edilen ve iretimde kullaniimis hasarli kaliplar igin inceleme-
ler tekrarlanmis ve baskin hasar mekanizmasinin degistigi tespit edilmistir. Yapilan galig-
malar kapsaminda, soguk dovme kaliplarinda omiir artisi elde edilmesi igin baskin hasar
mekanizmasinin ortaya gikarilmasi ve karsi tedbir alinmasi gerektigi ve bu dongiiniin hedef-
lenen kalip omrii elde edilene kadar devam edilmesi gerektigi ortaya konmustur.

Anahtar Kelimeler: SoGuk dévme, hasar mekanizmalarinin incelenmesi, sonlu elemanlar yon-
temi, kalip gerilme analizi.

DETERMINATION OF EFFECTIVE FAILURE MECHANISM TO

IMPROVE TOOL LIFE OF COLD FORGING DIES

Abstract

In this study, production tools of cold forged M10x16 conic head fasteners with T50
socket were investigated. Punch adapter, one of the production tools of the investigated
fastener, was examined due to early failure observed during production. Failed punch adap-
ters were examined and finite element simulations were carried out. Based on the detai-
led examination, the design of the punch adaptor was revised and approximately 20 times
life enhancement was achieved. The failed punch adaptor after design improvement was
re-investigated and it was shown that the effective failure mechanism acting on the punch
adaptor was changed. According to investigations carried out in this study, it was shown
that tool life enhancement could be obtained by determining the effective failure mecha-
nism and applying countermeasures. This procedure has to be carried out until the target
service life is achieved.

Keywords: Cold forging, failure analysis, finite element method, tool stress analysis.
1. Girig

Soguk dovme, ozellikle otomotiv gibi iiretilen parca adetlerinin gok fazla oldugu sek-
torlerde yaygin olarak kullanilan metal sekillendirme yontemlerindendir. Soguk dévme pro-
sesinde kangal seklinde tedarik edilen malzemeler, iiriin ve geometriye uygun preslerde
doviilmektedir. Sekil verme islemi silindirik olarak kesilen is pargasinin genellikle birden
¢ok istasyonda farkli yapi ve geometride kaliplar kullanilarak malzemenin plastik defor-
masyonu ile saglanmaktadir. Konvansiyonel talasli imalat yontemleri ile karsilastinldiginda,
adetli tretimler dovme yontemi ile daha ekonomik ve hizli bir sekilde yapilabilmektedir.
Ayrica, malzemeden talas almadan sekil verildigi i¢in dovme sonucu malzeme igerisindeki
akis egrileri kesintisiz olacagindan yapisal biitiinliigii daha yiiksek iriinler elde edilebilmek-
tedir. Talagh imalat ile iretilen iiriinlerde malzeme akisi kesik olacagindan dolayi, bu bdl-
gelerde ¢atlak olugum riski daha yiiksek olmakta ve bu durum 6zellikle malzeme yorulma
omriine olumsuz etki yapmaktadir. Son iiriin geometrisi diistiniildiigiinde, talasli imalat yon-
temleri ile daha dar toleransta ve geometrik olarak daha karmasik iriinler iiretilebilmek-
tedir. Cevreye olan etki diistiniildigiinde, konvansiyonel talagli imalat yontemlerinde adet
basina daha gok enerji tiiketilmekte ve daha gok sera gazi salinimi yapiimaktadir. Ddvme ve
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talasli imalat yontemlerinin karsilastiriimasi ile alakali daha fazla bilgi igin (Yurtdas et al.,
2018) incelenebilir.

Soguk dovme prosesiyle sekil vermede iiretilen malzeme tiiriine ve geometrisine bagli
olarak kaliplara oldukga fazla yiik binebilmekte ve diisiik gevrimlerde kalip kirlmalari mey-
dana gelebilmektedir. Sicak ve soguk dovmede kullanilan kalip hasarlarinin nedenleri ince-
lediginde baslica mekanizmalar yipranma (Behrens, 2008), catlak olusumu ve yorulma
(Knoerr et al., 1994) ve plastik deformasyon (Kim et al., 2005) olarak siralanabilir. Yipranma
kaynakl hasarlar aginma ve yapigsma olarak ayristirilabilir. Bu mekanizmalar, yanls mal-
zeme segimi, uygun olmayan kalip tasarimi, isil islem eksikligi/hatasi, siirtinme, yaglama
gibi proses kosullarinin optimum olmamasi gibi nedenlerle tetiklenmektedir. Yiik altinda
belirtilen mekanizmalardan ¢ogu kaliplar iizerine etki etmekte, ancak genelde baskin meka-
nizma sonucu kaliplar kullanilamaz hale gelmektedir (Summerville et al., 1995, Alimi et
al., 2016). Kullanilan kalip malzemesinde degisiklik yapilmasi kalip 6mriinii artirmak igin
kullanilacak yéntemlerden bir tanesidir. Ornegin, asinma sonucu kullanilamaz hale gelen
kalip icin daha sert malzeme kullaniimasi ya da pullanma ve ufalanma sonucu hasar goren
kaliplar igin daha tok malzeme tercih edilmesi kalip émriine pozitif etki yapacaktir. Ayrica,
dovme isleminde kullanilacak kaliplara farkli yiizey islemleri uygulayarak omiir artigi elde
etmek de miimkiindiir (Chang et al., 2008, Wagner et al., 2008). Catlak ve yorulma sonucu
hasar goren kaliplarda ise kalip tasariminda degisiklik yapilarak ¢atlak olusumunun engel-
lenmesi veya geciktirilmesi kalip omriiniin uzatilmasi igin tercih edilebilecek diger bir alter-
natiftir (Nagao et al., 1994, Vazquez et al., 2000, Behrens et al., 2016). Ozellikle tasarimsal
degisikliklerde deneme-yanilma yerine sonlu elemanlar tabanl sayisal simiilasyon calig-
malarinin yapilmasi zaman ve maliyet azaltma konusunda kullanilabilecek etkin bir yon-
temdir (Altan et al., 1992, McCormack et al., 2001, Lee et al., 2003). Ancak, farkli yontem-
ler kullanilarak yapilacak tasarim, malzeme vb. degisiklikler kaliba etki edecek tiim hasar
mekanizmalarini ortadan kaldirmak igin yeterli olmayacaktir. Yapilan iyilestirmeler, baskin
hasar mekanizmasi etkinliginin azalmasina veya kalibin daha uzun gevrimlerde galismasina
imkan verecek farkli bir hasar mekanizmasinin etkin rol oynayacag bir durum ortaya gikma-
sini saglayacaktir.

Bu galismada, soguk dovme yontemi ile liretilen M10x16 konik kafa T50 soketli baglanti
elemani detayli olarak incelenmistir. Calismalar kapsaminda ilgili triniin soguk dovme ile
sekillendirme prosesi takip edilmis ve calisma omrii en diisiik kalip olan zimba adaptori
detayli inceleme igin ele alinmistir. Kalipta meydana gelen hasar mekanizmalari ve neden-
lerinin bulunmasi igin tiretim siirecinde kullanilamaz hale gelen kaliplar incelenmis ve sonlu
elemanlar yontemi kullanilarak simiilasyon calismalari yapilmistir. Kirlmanin kok neden-

leri bulunduktan sonra simiilasyon galigmalari g6z oniinde bulundurularak kalip tasarimi
revize edilmis ve simiilasyon calismalari tekrarlanmistir. Revize edilen kaliplara ait simi-
lasyon bulgular sonucunda zimba adaptorii lizerine etki eden gerilmelerde ciddi azalma
oldugu teyit edilmistir. Gergek iretim kosullarinda revize kaliplar kullanilarak iretim dene-
mesi yapilmis ve yeni durum igin kalip dmiirleri tespit edilmistir. Uretim hattindan alinan
sonuglara gore revize kaliplarda yaklasik 20 kat omiir artisi elde edilmistir. Ayrica hasar
goren revize kaliplar igin detayli inceleme tekrarlanmig ve kalip kirlmasini tetikleyen etkin

hasar mekanizmasinin degistigi ortaya konmustur.
2. Deneysel Metot

Bu ¢alisma kapsaminda M10x16 konik kafa T50 soketli baglanti elemani iiretiminde
kullanilan kaliplar incelenmigtir (Sekil 1). ilgili iirin NORM Civata izmir fabrikasinda toplam
4 istasyonda iretilmektedir. Kullanilan soguk dovme yontemi dogasi geregi her istasyonda
sabit ve hareketli kalip sistemleri kullanilmaktadir. Hareketli kaliplar bagh olduklari krank
mili hareketi sayesinde senkron bir sekilde sabit kaliplara dogru hareket etmekte ve her bir
istasyonda yer alan is pargasinin plastik deformasyonu ile sekillenme gergeklestiriimekte-
dir. Daha sonra parmaklar yardimiyla her is pargasi bir sonraki istasyona aktarilmakta, son
istasyondaki iiriin ise dis cekme islemi icin baska bir makinaya alinmaktadir. incelenen iiriin
icin ilk istasyonda armudi form olusturulmakta olup ikinci istasyonda kafa formu igin hazir-
Iik yapilmaktadir. Ugiincii istasyonda kafa geometrisi nihai hale getirilmekte ve son istas-
yonda ise ug sivriltme islemi gerceklestirilmektedir. Tiim istasyonlara ait iiretimden elde
edilen numuneler Sekil 2 ile verilmistir. Soguk dovmede kullanilan 10 mm ¢apli 23MnB4
celik malzemelere, soguk dovme dncesi kiiresellegsme tavlamasi uygulanarak iretim geg-
misi kaynakl gerinim sertlesmesi ve kalinti gerilmeler normalize edilmektedir (Toparli et al.,
2018). Bu sayede plastik deformasyon ile sekillenme igin malzeme en uygun kosula getiril-
mekte, 1sil islem dncesi duruma gore daha siinek ve dévmeye daha uygun malzeme yapisi
elde edilmektedir. Bu durum, kaliplarin daha az yiik altinda ¢aligmasina da imkan vermekte
ve presin daha az zorlanmasini saglamaktadir. Uriinlerin soguk sekillendirilmesinin ardin-
dan istenen mekanik 6zelliklerin elde edilebilmesi igin su verme ve menevigleme isil iglem-
leri uygulanmaktadir. Bu galismada kullanilan baglanti elemanlarinin kalitesi 1sil islem son-
rasi 10.9 olarak elde edilmistir. Baglanti elemaninin kalitesini ve iireticinin logosunu igeren
damgalar ozellikle otomotiv sektoriinde kullanilan baglanti elemanlarinda olmasi gereken
unsurlar arasinda yer almaktadir.
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$ekil 1. M10x16 Konik Kafa T50 soketli baglanti eleman.

iy

ist. 1 Ist. 2 ist. 3 ist. 4

Is Pargas!
$ekil 2. M10x16 konik kafa T50 soketli baglanti elemanina ait istasyon numuneleri.
Son {iriin maksimum kafa ¢api 18,85 mm, saft boyu 17,00 mm’dir.

Galisma kapsaminda incelenen ve en cok kirlma yasanan lgiinci istasyon hareketli
kalibinda yer alan zimba adaptorii igin detayli incelemeler gergeklestiriimistir. Ele alinan
iirliniin iiretildigi pres ve kalip sistemi Sekil 3 ile gosterilmistir. ilgili zimba adaptorii ve
zimbanin oldudu 3. istasyon hareketli kalip sistemi Sekil 4 ile verilmistir. Zimba adaptorii,
yliksek karbon - yiiksek krom, molibden ve vanadyum alagimh 1.2379 (X153CrMoV12)
soguk is takim celiklerinden Uretilmistir. Bu malzeme yiiksek asinma direnci ve yiiksek tok-
lu§u sayesinde soguk dovme kaliplarinda sikga kullaniimaktadir. Zimba adaptorii i1sil iglem
sonrasi 54-56 HRC sertlik degerine getirilerek kullanilmaktadir. Uretim sirasinda elde edilen
bilgilere gore zimba adaptoriinde ortalama 2.000 adetlik bir iiretim sonrasinda gatlak olus-
maktadir. Zimba adaptorii ile beraber kullanilan zimba 1.3247 yiiksek hiz geliklerinden iire-
tilmektedir. Isil islem sonrasi 64-66 HRC sertlik degeri elde edilen zimba daha sonra TiN ile
kaplanmaktadir. Zimba adaptorii ve zimbada kullanilan malzemelere ait alagim elementle-
rinin kompozisyon bilgisi Tablo 1 ile verilmistir. Kalip dmiirlerine yonelik yapilan deneysel

caligmalar gergek iiretim kosullarinda gergeklestirilmistir.

Sabit kaliplar
(blok icinde)

$Sekil 3. Soguk dévme kalip sistemi. incelenen zimba adaptdrii 3. [stasyon hareketli blokta yer almaktadir.

Zimba
Adaptori  Zimba

| g

/770700

$Sekil 4. Soguk ddvme prosesi iigiincii istasyon hareketli kalip sistemi.

Kirilma yasanan zimba adaptorii ve ilgili zimba kirmizi ile isaretlenmigtir.

Table 1. (a) Zimba (1.3247) ve (b) zimba adaptoriinde (1.2379)

kullanilan malzemelere ait alasim elementleri
V/% Si/% W/% Co/%
Mak.0,70  1,20-1,90  7,50-8,50

() C/% Cr/% Mo/%
1.3247  1,051,15  3,50-450 9,00-10,00 0,90-1,30

(b) C/% Cr/% Mo/% V/% Si/% Mn/ % S/% P/%
1.2379 1,45-1,60  11,00-13,00  0,70-1,00 0,70-1,00 0,15-1,60  0,20-0,60  Mak. 0,03 Mak. 0,03
(X153CrMoV12)
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3. Sonlu Elemanlar Yontemi Destekli Kalip Galismalan

incelenen baglanti elemanina ait soguk dévme proses simiilasyonu ve kalip analizleri
Simufact.forming sonlu elemanlar programi kullanilarak gergeklestirilmistir. Simiilasyon
caligmalarinda iki farkli yaklagim kullanilmistir. Oncelikle istasyonlarda sekillenme ile ala-
kali bir problem olup olmadigina yonelik termo-mekanik analizler yapilmis ve bu nedenle
ilk Ui istasyon icin ayri modelleme ve simiilasyon calismalari gergeklestirilmistir. Sonlu
elemanlar analizlerinde iiretimden daha dnce elde edilen malzeme ve siirtinme modelleri
ile pres hilgileri kullaniimistir. Prese ait bilgilerin 6zellikle soguk sekillendirme esnasinda
gerinim hizini etkileyecegi igin gergekgi olmasi énemlidir. Uriin igin kullanilan 23MnB4 mal-
zemesine ait deneysel elde edilen akis egrileri modellemede kullanilarak daha gergekgi
sonuclar elde edilmesi saglanmistir. istasyon numunelerinin geometrilerinden dolay ilk
iki istasyon aksisimetrik, ligiincii istasyon 3 boyutlu olarak modellenmistir. 3 boyutlu ana-
lizlerde eleman sayisini azaltarak hesaplama siirelerini kisaltmak igin is pargasinin yarisi
modellenmistir. Aksisimetrik modellemelerde quad, 3 boyutlu modellemede ise heksahed-
ral eleman tipleri kullanilmigtir. Sekillenme analizleriigin is pargasi elastik-plastik, diger kul-
lanilan kaliplar rijit olarak tanimlanmistir.

Sekillenme modellemelerinin ardindan kalip analizleri gergeklestirilmistir. Gergeklesti-
rilen kalip analizlerinde hesaplama siirelerini azaltmak igin kaliplar ve is pargasinin yarisi
modellenmistir. Kalip ve is pargasi icin heksahedral eleman tipi tercih edilmistir. Sekil-
lenme simiilasyonlarinda oldugu gibi siirtiinme ve pres bilgileri ger¢cek durumu yansitacak
sekilde kullaniimistir. Kalip malzemeleri elastik olarak modellendigi igin akis egrilerine ihti-
yag olmadan sadece Elastik Modulus ve Poisson orani bilgileri kullanilarak simiilasyonlar
gerceklestirilmistir. is parcasi icin sekillenme analizlerinde de kullanilan 23MnB4 malzeme-
sine ait akis egrileri kullaniimistir. Kalip analizlerinde zimba adaptorii ve zimba elastik, is
parcasi elastik-plastik ve sabit kalip rijit olarak modellenmistir.

4. Sonuglar ve Tartigmalar

Uretim esnasinda kirilan iki adet zimba adaptorii detayli olarak incelenmistir. Oncelikle,
zimba adaptorii tiretimi sirasinda 1sil iglem ile istenen sertlik degerinin elde edilip edileme-
digini tespit etmek igin sertlik testleri yapilmistir. 3 adet sertlik testinin ortalamasi 56 HRC
olarak istenen degerde elde edildigi dogrulanmis ve isil islemde bir problem olmadigi ortaya
konmustur. Daha sonra elde edilen hasarli zimba adaptorleri incelenmis ve iki adaptorde de
benzer ¢atlak morfolojisi oldugu saptanmistir. Bu durum, kinlmalarin kalip bazli olmadigi ve
sistematik bir problem oldugu ihtimalini giiclendirmistir. Catlak yeri ve morfolojisi incelen-
diginde, zimba adaptorii geometrisinin dovme yoniinde ani degisim gosterdigi bolgede dai-
resel gatlak olusumu tespit edilmistir (Sekil 5). Catlak olusumu ile beraber, bazi bdlgelerde

lokal olarak malzeme kopmasi (pullanma) da gozlenmistir. Daha sonra gatlak olusumunun
detayli incelenmesi igin zimba adaptorii tel erozyon ile kesilmis ve optik mikroskop kullani-
larak detayli incelenmistir (Sekil 6). Yapilan incelemede, zimba adaptoriinde ani geometri
degiskenligi olan bolgede ¢atlak olusumu dogrulanmistir. Ayrica, ¢atlak olusumu esnasinda
bazi bolgelerde lokal malzeme kopmasi (pullanma) yasandigi da optik mikroskop ile yapi-
lan inceleme sonucu saptanmistir. Uretim esnasinda yaglama ve sogutma amacl sivilar
kullanilmaktadir. Catlak ilerleme profili incelendiginde, dinamik iiretim kosullari, ¢atlak olu-
sumu sonrasi degisen yiikleme - malzeme toklugu kombinasyonu, kullanilan sivilarin kalp
ve malzeme arasinda sikismasi ve bu durum sonucunda zimba adaptoriine uyguladigi hid-
rodinamik kuvvetler ile lokal ve genel malzeme 6zellikleri ve kusurlari gibi faktorlerin kom-
bine etkisi altinda gatlagin ilerledigi degerlendirilmektedir.

Pullanma

Dairesel Catlak

$ekil 5. Kirilan zimba adaptoriinde gozlenen gatlak olusumu. Zimba adaptorii i¢ ¢api 9,50 mm, dis ¢api 34,00 mm'dir.

Sekil 6. Catlak olusumu gdzlenen zimba adaptdriiniin tel erozyon ile kesilerek incelenmesi.

Catlak baglangicinda pullanma malzeme kopmasi gozlenmistir.
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Simiilasyon galismalari kapsaminda olusturulan sonlu elemanlar modeli Sekil 7 ile veril- Enties plstic strin
mistir. Sekillenme ¢aligmalari sonucu elde edilen istasyon numuneleri Sekil 8 ile verilmistir. §§
Modelleme galigmalarina gore sekillenme sirasinda katlanma, set olusumu gibi herhangi bir 3§
soguk sekillendirme kusuruna rastlanmamis, tasarima uygun istasyon numuneleri elde edil- QE

mistir. Sekillenme simiilasyonlari sonrasi mevcut durum igin kalip analizleri gergeklestiril-
mistir. Elde edilen sonuglara gore zimba adaptdriiniin gekme gerilmelerinden dolayi kirildig
ve bu nedenle maksimum asal gerilmelerin kritik oldugu degerlendirilmistir. Simiilasyonlar
sonucu elde edilen maksimumum asal gerilmeler, gergekte kirilmanin yasandigi bolgede ve
zimba adaptdriinde kullanilan 1.2379 malzemenin akma degerinin (~ 2.500 MPa) iistiinde
elde edilmistir (Sekil 9). Simiilasyon galigsmalari sonucu elde edilen gerilme profili ile kalip
kirlmasina neden olan gatlak olusum morfolojisi birbirlerine ¢ok benzer elde edilmistir

Sekil 8. ik 3 istasyon icin yapilan sekillenme simiilasyonlar sonucu elde edilen ara istasyon iiriin formlari.

(Sekil 10). Bu karsilastirma, yapilan simiilasyon galismalarinin da dogrulugunu teyit eder i Al s
niteliktedir. Simiilasyon galismalari ve zimba adaptdriindeki catlak yeri ve morfolojisi goz %ﬁ%
oniinde bulundurularak olusan hasarin kok nedeni ortaya konmustur. Kalip tasarimindan 150 00
dolayi {iretim esnasinda yiik altinda geometrinin ani degiskenlik gosterdigi yerde gerilme 22000
birikmesi oldugu ve bu durumun zimba adaptoriinde ¢atlak olusumuna neden oldugu sap- %g%
tanmistir. Bu durumda, zimba adaptorii tasariminin revize edilerek kalip dmriinde iyiles-
tirme elde edilmesi gerektigi ortaya konmustur.
Model legend
Ezmba
IsParcasi
ZimbaAdaptor
SabitKalip Sekil 9. Kirllma yaganan zimba adaptoriinde elde edilen maksimum asal gerilmeler.

Sekil 10. Kirlma yasanan zimba adaptdriindeki ¢atlak morfolojisi ile simiilasyonlar sonucu elde edilen
maksimum asal gerilmelerin karsilagtiriimasi.

Sekil 7. Olusturulan sonlu elemanlar modeli.
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Zimba adaptorii igin yapilan tasarim galigmalarinda gerilme yi§iimasini onleyecek
modifikasyonlar degerlendirilmistir. Bu kapsamda, gerilme birikmesini nleyecek bir zimba
adaptor formu ortaya gikanlmistir. Bu degisiklik ile zimba adaptorii ile beraber kullanilan
zimba tasariminda da dedgisiklik yapilmistir (Sekil 11). Revize edilen zimba adaptoriinden
kaynakli olarak malzeme sekillenmesinde herhangi bir degisiklik olmadidi igin sadece elas-
tik kalip analizleri tekrarlanmistir. Mevcut ve revize zimba adaptorlerine ait maksimum asal
gerilme karsilastirmasi Sekil 12 ile verilmistir. Revize tasarim ile yiiksek elde edilen maksi-
mum asal gerilmelerde iyilesme saglanmis ve gerilme birikmesi onlenmistir. Bu durumda
kinlmalarin yasandigi bolgede gerilme birikmesi ortadan kalkti§i igin kalip omiirlerinde
ciddi artis elde edilecegi ortaya konmustur.

19.53 9.5

(@)

»12.85 mM2.82

(b)
Sekil 11. (a) Mevcut zimba adaptorii ve zimba ve (b) revize edilmis zimba adaptorii ve zimba.

Sekilde nominal dlgiiler verilmistir.

Maximum principal stress [MPa]
2500.00
2180.00

$Sekil 12. Mevcut (altta) ve revize edilmis (iistte) zimba adaptérlerine ait maksimum asal gerilmeler.

Zimba adaptoriindeki tasarim revizesi sonrasi zimbada da giincelleme yapilmistir. Bu
durumda kalip analizleri zimba igin de yapilmis ve sonuglari Sekil 13 ile verilmistir. Zimba
icin yapilan modelleme calismalarinda, zimbanin yiiksek basma gerilmelerine maruz kal-
digi ve bu nedenle minimum asal gerilmelerin kritik oldugu sonucuna ulasiimistir. Ayrica,
yapilan simiilasyonlar sonrasi gerilme yigiimasi gdzlenen soket-saft gegis kismina 0,5 mm
radyus tanimlanmistir. Revize edilen zimba tasarimi ile minimum asal gerilmelerde yaklagik
%30 iyilesme elde edilmistir.

Minimum principal stress [MPa]

(b)

Sekil 13. Mevcut (a) ve revize edilmis (b) zimbaya ait minimum asal gerilmeler.

Sonlu elemanlar yontemi kullanilarak elde edilen sonuglara gore tasarimlari revize
edilen zimba ve zimba adaptérii igin iiretim hattinda denemeler gerceklestirilmistir. Uretim
esnasinda elde edilecek gerilme hizi gibi pres kaynakli bir farklilik olmamasi igin ilk iire-
timde kullanilan pres revize tasarimlar icin de tercih edilmistir. Toplam 355.000 adetlik
iiretim esnasinda revize edilen zimba ve zimba adaptorleri takip edilmistir. Uretim esna-
sinda zimba adaptorii degistigi durumda tedbir amaclh zimba da degistirilmistir. Uretimde
kullanilan zimba ve zimba adaptérlerinden bir set Sekil 14 ile verilmistir. Uretimler esna-
sinda zimba ile alakalali dmiir agisindan bir probleme rastlanmamistir. Toplam iiretimde 9
adet zimba adaptorii kullaniimis ve ortalama 39.500 adetlik omiir elde edilmistir.

$Sekil 14. Uretim denemelerinde kullanilan revize zimba ve zimba adaptorii.
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Kullanilamaz hale gelen revize kaliplarda etkin hasar mekanizmalarinin ortaya ¢ika-
rilmast icin ilgili kaliplar detayl olarak incelenmistir. Oncelikle zimba adaptériiniin gatlak
olusumu ile hasar gordiigii anlasiimis ve gatlak olusumunun nedenleri arastinimaya bas-
lanmistir. incelenen zimba adaptdrlerinde gatlak olusumunun iiretici ve iiriin kalitesini gos-
teren unsurlarin oldugu yerlerde basladigi ve gatallanarak ilerledigi on oriilmiistir (Sekil
15). Catallanan gatlak profili incelendiginde catlak baslama yeri hakkinda bilgi verme-
sine ragmen kesin baglama yeri ve seklinin anlasilmasi i¢in hasarli zimba adaptorleri pres
altinda kinlmistir. Elde edilen yiizeyler incelendiginde konik kafa formunun verildi§i zimba
adaptoriiniin konik kisminda yer alan Uretici ve Uriin kalitesini gosteren unsurlarin oldugu
bolgede goklu gatlak olusumu ve yiik altinda catlaklarin buradan ilerledigi tespit edilmistir
(Sekil 16). Zimba adaptori, talagli imalat ile istenen forma getirilmekte ve konik kisimda yer
alan ve baglanti elemani lireticisi ve kalitesini gosteren unsurlar dalma erozyon yontemi ile
ortaya g¢ikariimaktadir. Uygulanan yontem dogasi geregi talasli imalata gore ylizey piiriiz-
|iligu daha yiiksek yiizeyler elde edilmektedir. Yiizey piriizliliigiinin artmasi ile beraber
ozellikle iretici ve {irlin kalitesini gosteren unsurlardaki lokal yiizey profil degisikligi olan
yerlerden yiik altinda ¢oklu gatlak olusumu ozellikle Sekil 16 ile elde edilen yiizey sonucu
anlagilmistir. Ozellikle cevrimli yiik altinda yiizey piiriizliigii fazla olan malzemelerde bu bol-
gelerin gatlak baslama yeri olarak davrandi§i ve yorulma dmriine negatif etki yaptigi bilin-
mektedir (Peyre et al., 1996, Luong et al., 2009).

$Sekil 15. Revize edilen kaliplarda gatalli ¢atlak olusumu. Baglanti elemani kalitesini (10.9)

gasteren unsurlardan “1” uzunlugu yaklasik 1,80 mm'dir.

Coklu Catlak Baslangici

$Sekil 16. Revize edilen kalipta ¢atlak baglama yerlerinin anlasiimast igin pres ile kirilmasi

sonucu elde edilen yiizey. Catlak olusumunun basladigi konik yiizey kesit uzunlugu 6,70 mm‘dir.

Bu galismada kullanilan mevcut ve revize kaliplarin tiretim yonteminde herhangi bir degi-
siklik yapilmamistir. iki tasanimda da kalip iizerindeki iiretici ve baglant elemaninin kalite-
sini gosteren unsurlar dalma erozyon yontemi ile olusturulmustur. Mevcut zimba adaptorii-
niin konik ylizey piiriizligii ve Uretici logosuyla baglanti elemani kalitesini gdsteren unsurlar
Sekil 5 ile goriilmektedir. Ancak, yapilan deneysel ve simiilasyon galigmalari kapsaminda
mevcut tasarimda gerilme birikmesi sonucu gatlak olusumunun baskin hasar mekanizmasi
oldugu ortaya ¢ikarilmistir. Yapilan iyilestirmenin ardindan iiretimde denenen revize kalip-
larin incelemesi sonucunda kalip omriinde iyilesme elde edilmis ve ayni zamanda zimba
adaptoriine etki eden baskin hasar mekanizmasinin degistigi tespit edilmistir. Mevcut tasa-
rimda da olan ve dalma erozyon sonucu ortaya ¢ikan yiizey piiriizliiliigii nedeniyle gevrimli
yiik altinda gatlak olusumunun revize edilen kaliplarda baskin hasar mekanizmasi oldugu
ortaya konmustur. Yapilan tasarim degisikligi sonucu elde edilen baskin hasar mekaniz-
masi degisimi kalip 6mriine yaklasik 20 katlik bir iyilesme olarak yansimistir.

5. Sonuglar

Bu ¢alismada, soguk dévme yontemiyle iiretilen M10x16 konik kafa T50 soketli bag-
lanti elemani prosesinde kullanilan 3. istasyon hareketli kaliplari detayli olarak incelenmis-
tir. Uretimden alinan hasarli kaliplar ve modelleme galismalari degerlendirildiginde zimba
adaptoriiniin tasarimindan dolayi yiik altinda gerilme birikmesi meydana geldigi ve sonug
olarak kaliplarda diisiik cevrimde catlak olusumu yasandigi ortaya gikariimistir. Simiilas-
yon sonuglari goz oniinde bulundurularak zimba ve zimba adaptorii revize edilmis ve gergek
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tiretim kosullarinda denenmistir. Mevcut duruma gore revize edilen zimba adaptorii kalip
omriinde yaklasik 20 kat iyilesme saglanmistir. Uretim sonrasi elde edilen mevcut ve revize
edilen kaliplar detayli incelenmis ve baskin hasar mekanizmasinin degistigi tespit edil-
mistir. Mevcut tasarimda hasara neden olmayan dalma erozyon sonucu elde edilen yiizey
piriizliiligi etkisi ile yiik altinda gatlak olusumunun, revize tasarimda baskin hasar meka-
nizmasi oldugu ortaya gikarniimistir. So§guk dovme kaliplarinin kompleks ve birbirinden gok

farkh

hasar mekanizmalarina maruz kaldigi bilinmektedir. Kalip omiirlerini arttirmak igin

yapilmasi gereken baskin hasar mekanizmasinin belirlenmesi ve alinacak karsi onlemler
sonucu ilgili hasar mekanizmasi etkisinin tamamen ortadan kaldiriimasi veya azaltiima-

sidir.

Calismalar neticesinde elde edilen kalip omrii hedeflenen degerlere ulasana kadar

baskin hasar mekanizmasinin belirlenmesi ve karsi tedbirlerin devreye alinma siireci devam
ettirilmelidir.
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Abstract

In this study, effect of electrical-discharging machining (EDM) pass on white layer for-
mation was investigated. 25wt%Co matrix WC/Co cermet materials were chosen as a rep-
resentative material. Detailed SEM images were obtained for investigations and experimen-
tal bending fatigue testing was applied. As a result of SEM investigations, white layer was
observed for the samples cut through one pass. However, there was no evidence of white
layer for the samples obtained by three passes. Bending fatigue experiments showed that,
fatigue life of the samples prepared by three passes were about 2.7 times higher compared
to the samples cut by one pass. Therefore, it was concluded that white layer has detrimen-
tal effect on service performance and formation of white layer can be suppressed by incre-
asing the number of passes of EDM for WC/Co cermet materials.

Keywords: EDM, white layer, recast layer, SEM, bending fatigue.
1. Introduction

Cold forging is one of the most-widely preferred mass production techniques particularly
in automotive industry [1]. Raw materials with various diameters are fed into multi-stage mac-
hines and final products are obtained with plastic deformation introduced by complex die
systems, generally consisting of die insert and stress ring (Fig. 1). Depending on the applica-
tion, various materials are used as die material. Owing to its high compressive yield strength

. stress ring . die insert

Figure 1. Typical cold forging die system consisting of insert and stress ring.

and hardness, WC/Co are the most widely preferred die insert material in forging industry.

Considering production methods, cold forging dies and tools are produced mainly by
conventional machining and electrical-discharging machining (EDM). Since WC/Co metal
matrix composite materials are very hard and required cutting forces are very demanding,
EDM is the preferred method for die production. Depending on geometry and material, wire-
EDM and die sinker-EDM are the preferred EDM methods for complex shaped dies. EDM
is based on high-voltage electrical current passing through an electrode and work piece.
The dielectric fluid enables current to be passed to work piece after ionization tempera-
ture reached and the resulting spark removes material from the work piece so that required
final shape can be obtained. Due to high local temperatures originating from high-voltage
sparks, microstructural modifications are introduced during EDM. One of the widely-known
features is the “recast layer” or “white layer”, which is a pm-sized layers arising due to re-so-
lidification at the surface of the materials. Due to re-solidification, tensile residual stresses
are formed and with other inherently-introduced features such as binder depletion at the
surface, thermal grain cracking the performance of as EDM'ed WC/Co materials are lowe-
red [2]. Therefore, in order to minimize the effect of white layer and other EDM features,
multi-pass operation or post-EDM operations are encouraged to be applied.

In this study, 1 and 3 pass EDM'ed samples were produced in order to investigate the
effect of white layer. WC/Co test samples investigated by SEM to observe the white layer
formation. Dynamic 3-point bending fatigue tests were carried out to observe the effect of
white layer under service loading.

2. Material and Methods

In this study, 25wt%Co matrix WC/Co cermet materials were used. The materials were
obtained from CREATIZIT as the name of CTC50, indicating the diameter of WC grains were
in the range of 2.5-6.0 pm. The mechanical properties of WC/Co material was given in Tab.
1. Powders of WC and Co were produced by sintering after successive mixing, milling and
granulating. Owing to very high compressive strength, WC/Co cermets are preferred in for-
ging operations as tools and dies.

Table 1. Physical and mechanical properties of CTC50

Chemical Composition (wt% Co) 25
Density (g/cm?) 12.95
Compressive Strength (MPa) 3000
Elastic Modulus (GPa) 450

Thermal Conductivity (Wm-K-1) 90

Average Thermal Expansion Coefficient (10 K7) 6.9
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The materials after 1 and 3 pass EDM were analysed by using SEM The SEM figures
were used to reveal white layer formation. In order to assess the effect of white layer on
performance, three-point bending fatigue tests were carried out. Zwick / Roell high frequ-
ency fatigue tester was used with custom-designed fixtures to conduct experiments. The
sample configuration for fatigue testing was given in Fig. 2.

0.2x45°

4= 5.25 =0.25

6501 | . 20 £1 _l

Figure 2. Sample configuration for fatigue testing. Dimensions are in mm.

3. Results and Discussion

The surface of the samples after EDM cutting can be seen in Fig. 3. Sample cut in
one pass has significant wire exit artefact observed in EDM cuttings [3]. From macrog-
raphs of the samples, more homogeneous surface contour variations can be seen for the
sample surface after three passes, as expected. Surface variations were more significant
close-to-edge region of the sample cut by one pass.

(a) (b)
Figure 3. Surfaces of WC/Co samples after EDM-cutting with (a) one pass and (b) three passes.

The cross-sectional dimension is 6.50 mm x 5.25 mm.

SEM images of the WC/Co samples can be seen in Fig. 4. Non-uniform white or recast
layer after EDM cutting was observed at the outer edge of the sample cut through one pass.
The non-uniformity can be associated with the pulsed EDM sparks and WC particle hete-
rogeneity in terms of size and shape. The SEM image of the sample cut through 3 passes
had no evidence on white layer at the outer edge.
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Figure 4. SEM images of WC/Co samples after EDM-cutting with (a) one pass and (b) three passes.

White layer can be seen for the one pass EDM'ed sample.

The white layer region obtained after cutting through one pass can be seen in Fig. 5. The
maximum thickness was obtained around 5.5 pm.

Figure 5. SEM images of WC/Co sample after EDM-cutting through one pass.

The results of bending fatigue experiments were given in Fig. 6. The experiments
were repeated 4 times for each configuration to increase confidence. The average fatigue
life of samples produced through one pass and three passes were 2426 and 6442, respe-
ctively. The reason for the decrease in fatigue performance can be associated with the
tensile residual stresses at the white layer and hard white layer triggering crack initiation
and propagation [4].



88 | NORM FASTENERS AR-GE MERKEZI YAYINLARI | 2019

NORM FASTENERS R&D CENTER PUBLICATIONS | 2019 | 89

8000

7000 + -1
Average

6000 4

5000 4

4000

3000

Fatigue Life (cycles)

2000

1000 4

EDM cutting with one pass  EDM cutting with three passes

Figure 6. Bending fatigue experiments of WC/Co samples after EDM-cutting with one pass and three passes.

4. Conclusions

In this study, it was shown that white layer formation can be prevented by conducting
EDM by multiple passes. This process will increase the manufacturing time, however, ben-
ding fatigue experiments showed that white layer formation has detrimental effect on ser-
vice performance. Therefore, in order to maximize performance of WC/Co cermet materials
in service loading, multiple pass EDM should be carried out.
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Abstract

One of the most-widely preferred metal forming process, cold forging is based on severe
plastic deformation of metallic materials introduced by dies and tools. Due to non-homoge-
nous plastic deformation, significant amount of residual stresses are inherently introduced.
As known from the structural integrity point of view, residual stresses can increase or decre-
ase the service performance of engineering parts depending on being tensile or compressive
[1]. Considering cold forged parts, heat treatment (quenching and tempering) is generally
applied not only to increase the mechanical properties in terms of plastic deformation limit
and hardness but also to have homogenous microstructure and residual stress-relief. In this
study, the contour method, one of the experimental residual stress measurement techniques,
was employed to obtain residual stress fields of as-forged and heat-treated samples. The
contour method is based on elastic stress relaxation upon material removal and Bueckner’s
superposition principle. The samples to be investigated were cut by Electrical Discharge Mac-
hining (wire-EDM) and residual stresses to be obtained were elastically relaxed leading the
surface displacements. The surface contours were obtained by Coordinate Measuring Mac-
hine (CMM) and fed into the FE model of the cold forged parts as a boundary condition after
a data analysis to eliminate noise and artefacts arising from cutting or contour measurement
steps. Finally, 2D residual stress maps of as-forged and heat-treated samples were obtained.
Near-edge residual stress results were observed to be affected from cutting artefacts, as also
declared in the literature [2]. As inner regions are more crucial in order to evaluate the residual
stresses after heat treatment, the comparison of as-forged and heat-treated samples were
carried out. Based on the residual stress results, it was shown that residual stresses were
completely relieved after heat treatment, as expected. Therefore, it was concluded that the
heat treatment parameters were appropriate in terms of residual stress relaxation.

Keywords: Residual stress; contour method; cold forging; heat treatment.
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Abstract

In this study, surface roughness profiles of cold forging dies and their effect on fatigue
performance were investigated. Substantial amount of dies used in cold forging of fas-
teners are produced by employing die-sinker EDM, particularly for the features indicating
the producer and the grade of the product. Due to nature of EDM process, surface rough-
ness of the dies tends to be higher compared to those produced by conventional machi-
ning followed by polishing. Surface roughness become critical in cold forging dies since
they may act as crack initiation sites under cyclic loading. In this study, cold forging of
M10x1.25x16 fastener with conical head and T50 socket form was investigated. Dies used
to form the head of the fasteners were produced by die-sinker EDM and the failure mecha-
nism was investigated during the mass production. When the failed dies were analysed, it
was revealed that due to high surface roughness combined with high-magnitude cyclic loa-
ding, cracks were initiated at the features indicating the producer and the grade of the fas-
tener, i.e. locations at which surface roughness was higher compared to other areas of the
die. In order to increase the fatigue life, the stage design of the investigated fastener was
modified. Owing to the new design, the head of the fasteners was formed by the die produ-
ced by machining followed by polishing, i.e. higher forming loads were exposed to the dies
having lower surface roughness. The features indicating the producer and the grade of the
fastener was introduced in the next stage by die produced by die-sinker EDM after the head
of the fastener was formed. Therefore, the die was exposed to less loads and the desired
features were introduced to the fastener. Hence, it was shown that higher surface rough-
ness after die-sinker EDM had a detrimental effect on the fatigue performance of the dies
used in cold forging. Therefore, it was concluded that the stage design of fasteners should
be optimized so that features indicating the producer and the grade of the fastener should
be introduced with the lowest forming loads to maximize fatigue life.

Keywords: surface roughness, die-sinker EDM, cold forging, fastener, fatigue.
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